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Abstract 
Extremely Thin Absorber Solar Cells 
Hasti Majidi 
Jason B. Baxter, Ph.D. 
 
 
 
A typical extremely thin absorber (ETA) cell comprises an extremely thin absorber layer 
at the interface between nanostructured, interpenetrating n-type and p-type 
semiconductors. Compared to planar photovoltaics, the large surface area of the 
nanostructured interface allows a thinner absorber layer to be used without sacrificing 
absorber volume. Photogenerated charges must be separated at the absorber interfaces 
before they recombine. Shorter distances for charge separation in ETA cells allow using 
materials with lower purity and higher defect densities, enabling use of inexpensive, 
solution-based processing methods. We report on electrodeposition of CdSe coatings 
onto ZnO nanowire arrays and determine the effect of processing conditions on material 
properties such as morphology and microstructure. We show that room-temperature 
electrodeposition enables growth of CdSe coatings that are uniform, and conformal with 
precise control over thickness and microstructure. Optimal range of current density was 
determined to achieve uniform and conformal coatings. 
 
Absorbers thinner than the charge collection length reduce bulk recombination and 
enhance charge separation at the interface. The charge collection length is directly related 
to the microstructure of the absorber coating. We report on the crystallite growth of 
xv 
 
electrodeposited CdSe coatings on ZnO nanowires during annealing. Both in situ 
transmission electron microscopy (TEM) and x-ray diffraction (XRD) reveal that the 
nanocrystal size increases from ~3 to ~10 nm upon annealing at 350 C for 1 h and then to 
more than 30 nm during another 1 h annealing at 400 C. Increased crystallite size, 
comparable to the coating thickness, shows a nearly two-fold improvement in power 
conversion efficiency upon annealing. In addition to the crystallinity of the coating, the 
absorber thickness affects the charge separation in ETA cells. Coatings that are too thin 
show poor light harvesting. However, too thick coatings show inefficient charge 
separation. We demonstrated optimum thickness of CdSe in the planar ETA cell. In 
addition, extremely thin coatings suffer from large interfacial recombination. Severe 
shunting in very thin absorbers is tackled by applying an ultra-thin (5 nm) coating of CdS 
on ZnO nanowires before CdSe electrodeposition. Interface engineering in ETA cells 
leads to five times improvement in the power conversion efficiency.   
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1. Introduction 
1.1. Energy problem and the role of photovoltaics 
 “I’d put my money on the sun and solar energy. What a source of power! I hope we don’t 
have to wait until oil and coal run out before we tackle that.” 
 – Thomas Alva Edison, 1931 
 
The increase in energy demand stems from higher quality of life and growing world 
population. Citizens of developed countries use energy in the form of electricity to have 
lighting, refrigeration, interior climate control, access to media. Studies on Human 
Development Index (HDI), which is a measure of well-being by United Nations, show 
that consumption of electricity is in close relation with the quality of life. HDI was 
calculated for 60 countries, which include 90% of the earth’s population.[1] HDI as a 
function of annual per capita electricity use reveals that electricity consumption is 
required to increase by a factor of 10 or more to improve the quality of life of some 
countries.[2] The Energy Information Administration (EIA) of the U.S. department of 
energy reported in its 2008 international energy outlook that the global demand of energy 
is projected to increases by 50% from 2005 (462 Quadrillion Btu) to 2030 (projected 695 
Quadrillion Btu).[3] EIA predicts a sharp increase in consumption of coal and 
development of renewable energies to satisfy the growing energy demand. 
Beyond supplying the energy, alternative energy sources are also nonpolluting to 
counterbalance the environmental issues resulting from burning fossil fuels.  Burning the 
fossil fuels releases carbon dioxide. It has been shown that carbon dioxide leads to global 
warming and climate change.[4] However, renewable energy sources such as wind and 
photovoltaics are sustainable, zero-emission and widely available. Solar irradiance is 
2 
 
10,000x the world’s annual ener y de and  and harnessing only a quarter of the solar 
ener y  allin  on the earth’s pa ed area could easily meet the global energy needs.[5]  
1.1.2. What is a photovoltaic? 
Photovoltaics is the technology that converts the solar energy to electricity, in the form 
of direct current (DC). When a solar cell is illuminated, it generates current. Solar cells 
are made of materials called semiconductors. When the semiconductor is illuminated, the 
electrons in the valance band are excited to the conduction band, if the energy of light is 
higher than the threshold energy determined by band gap. Band gap is the energy 
difference between conduction and valance bands. The electron excitation leaves a hole 
in the valance band. The electron-hole pair is then separated to generate a current, Figure 
1.1.[2] 
 
 
 
 
 
Figure 1.1. Schematic of a solar cell, generating a direct current. In a semiconductor, electrons 
are excited to the conduction band after light absorption. The free electron is delivered to load 
and then returns to the valance band.  
 
3 
 
Mono-crystalline silicon solar cells are the traditional type of solar cells, also 
categorized as first generation solar cells. Highly pure mono-crystalline silicon solar cells 
require a large energy input in the manufacturing process.[2] The high cost of these solar 
cells has inspired a lot of interest in using less expensive materials and processing 
techniques. Thin film solar cells, second generation solar cells, offer a reduction in 
material cost. Amorphous silicon and CdTe solar cells are some examples of second 
generation solar cells. Thinner structure allows using moderate temperature vapor 
deposition instead of high temperature techniques, required to make high purity silicon 
wafers. New designs that allow utilization of less pure and less perfect materials, 
nanostructured second generation solar cells, were proposed to employ solution-based 
processing methods.[6], [7] Goals have been specified to improve solar cell performance 
with poorer materials and keep a high production yield. The extremely thin absorber 
(ETA) solar cell is a relatively new design that enables low-cost processing while 
promising potential efficiencies above 15%. [8], [9] 
 
1.2. Background on extremely thin absorber solar cells 
1.2.1. History and ETA cell components 
The research behind ETA cells originates around the same time as DSSCs. The 
stability issues of DSSC arising because of the liquid electrolyte, inspired researchers into 
using solid-state hole conductors. One of the earliest full inorganic cell was reported in 
1998 based on a nanoporous TiO2/Se/CuSCN.[10] The reported efficiency was 0.13% but 
the I-V curves show an efficiency of 0.8%.[11]  Table 1.1 shows the timeline of the good 
efficiencies obtained from ETA cells. Levy-Clement group have demonstrated a 
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nanowire-based ZnO/CdSe/CuSCN ETA cell  and have reported an efficiency of 2.3% at 
0.3 sun.[12], [13] Their work, as well as earlier work by the Lux-Steiner and Konenkamp 
group, [14–17]has inspired significant interest in the ETA cell concept.[18–20] In 2010, 
Shinji Nezu et al.  reported an efficiency of 3.7% , which is the highest efficiency in the 
all inorganic ETA cell.[21] 
Table 1.1. Timeline of ETA cell efficiencies.[11] 
 
Year             Cell                                       Efficiency (%)                   Comments            Ref. 
 
1998       TiO2/Se/CuSCN                               0.8                     at 0.8 sun               [10] 
2002       TiO2/PbS/Spiro-OMeTAD              0.49                   at 0.1 sun               [22]    
2005        ZnO/CdSe/CuSCN                          2.3                     at 0.3 sun               [12] 
2006       TiO2/CdS/CuSCN                            1.3                                                    [23]                
2007       TiO2/Sb2S3/CuSCN                          3.4                                                    [24] 
2008        TiO2/In2S3/CuSCN                          3.4                      at 0.1 sun               [25] 
2009       TiO2/Sb2S3/CuSCN                          3.4                                                    [26] 
2010       TiO2/Sb2S3/CuSCN                          3.7                                                    [21] 
 
 
 
In an ETA cell, the advantage of employing different materials for light absorption 
and carrier transport in a dye-sensitized solar cell (DSSC) is combined with the 
robustness of planar thin film solar cell. A DSSC is composed of a nanoporous inorganic 
n-type semiconductor, coated with a monolayer of organometallic dye molecules, which 
are surrounded by a liquid electrolyte.[27] The ETA cell simplifies the cell sealing, which 
is a major commercial consideration, replacing the liquid electrolyte by a solid-state p-
type semiconductor. A typical ETA cell, shown schematically in Figure 1.2, comprises an 
extremely thin absorber layer with Eg 1.1 - 1.8 eV at the interface between 
nanostructured, interpenetrating n-type and p-type semiconductors, each with Eg > 3 
5 
 
eV.[15], [28], [29] Compared to planar photovoltaics, the large surface area of the 
nanostructured interface allows a thinner absorber layer to be used without sacrificing 
absorber volume. Photogenerated charges must be separated at the absorber interfaces 
before they recombine. Therefore, thinner absorbers enable use of materials with excited 
state lifetimes or mobilities that are too small for planar cells that require thicker absorber 
layers to harvest incident light.  Nanostructuring the interface to decouple the conflicting 
requirements of thicker absorbers for light harvesting and thinner absorbers for charge 
separation significantly expands the number of absorber candidates. Additionally, shorter 
distances for charge separation in ETA cells may lead to lower costs than planar cells 
because materials with lower purity and higher defect densities can be tolerated, enabling 
use of inexpensive low-temperature, solution-based processing methods.   
 
 
Figure 1.2. Schematic of an ETA cell comprising CdSe absorber layer sandwiched between 
nanostructured  n and p type semiconductors. The n-type semiconductor is ZnO nanowires and 
the p-type material is CuSCN. 
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Candidates for n-type material have been mesoporous TiO2, or ZnO nanowires. The 
most commonly used absorbers are CuS, CuInS2 (CIS), CdS, CdSe, CdTe, PbS, and a-
Si:H. p-type semiconductors have included CuI, CuSCN, NiO, and PEDOT:PSS.[29] The 
model-system ETA cell of this dissertation focuses on ZnO nanowires, and CuSCN as the 
n and p type semiconductors, respectively, and CdSe serves as the thin absorber layer 
sandwiched between these two layers. Our ETA cell includes ZnO nanowires instead of 
TiO2 nanoparticles (see section 1.2.3 for advantages of nanowires). CdSe has a band gap 
of 1.7 eV, which is near optimal range for a single band gap PV.  CdSe is chosen as its 
solution-based deposition methods have been well established. CuSCN is chosen because 
its valance band has a favorable offset with CdSe valance band to accept holes. In 
addition, CuSCN provides a fairly high hole conductivity. When the focus of the 
experiments is the absorber coating and its functionality, liquid electrolytes, such as ferri-
ferrocyanide and polysulfide, are sometimes used.  
The absorber layer and the neighboring materials in ETA cells can be considered a p-i-
n junction. Band alignment of the p and n-layer and the electric field in the absorber 
should be such that electrons can only transfer from the absorber to the n-type 
semiconductor at the n/i interface, and holes transfer only to the p-type at i/p interface. 
Figure 1.3 shows the band gap alignment for our ETA cell.[12] 
When the solar cell is illuminated, the electron-hole pairs are generated in the absorber 
layer, Figure 1.4(b1), where they must be separated by traveling (driven either by drift or 
diffusion) to the opposite interfaces before recombining in the bulk, Figure 1.4 (b2). The 
photoexcited electrons and holes will then be injected into the n-type and p-type 
semiconductor respectively. After injection, charges have to be transported in the n-type 
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Figure 1.4. After photon absorption in CdSe, photogenerated charges must be separated at the 
opposite interface (b1) before bulk recombination (b2). Separated charges should then be 
transported in the n and p-type mediums to the opposite contacts to produce current (b3). Charge 
transport should be faster than interfacial recombination (b4). 
 
and p-type to the opposite contacts to produce the current of the circuit, Figure 1.4 (b3). 
The charge transport should occur without interfacial recombination, Figure 1.4 (b4). 
 
 
Figure 1.3. Band alignment of ZnO/CdSe/CuSCN, showing the desired injection of thee electron 
and hole in the absorber (CdSe) to the n-type (ZnO) and the p-type (CuSCN) material, respectively. 
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1.2.2. Solar cell characterization  
Electronic characterization of the solar cells in this thesis relies on steady-state 
measurements such as I-V curve, External Quantum Efficiency (EQE), and Internal 
Quantum Efficiency (IQE). Optical characterization such as Light Harvesting Efficiency 
(LHE) is required to calculate EQE and IQE. 
1.2.2. 1. I-V curves 
When a load is present in the circuit, a potential difference develops across the two 
terminals of the photovoltaic cell. The potential difference generates a current in the 
opposite direction to the photocurrent. This current is called dark current and reduces the 
cell net current value. A solar cell acts as a diode in dark. In a diode, the current is much 
larger in forward bias (V>0) than the reverse bias (V<0). For an ideal diode the behavior 
of the cell under dark follows  
     ( )    ( 
  
   
⁄
  ),                                                                                 (1.1) 
where J0 is a constant, kB is the Boltzmann constant, and T is temperature.[2] The net 
current in an ideal solar cell is the superposition of dark current and photocurrent and is 
calculated by 
           ( ).                                                                                                    (1.2) 
Generally, the solar cells are characterized by I-V curves. In a typical I-V 
measurement, the current is recorded as the applied bias voltage is swept.  It should be 
noted that the y-axis in most of the I-V curves in this work is current density (J in 
mA/cm
2
), however, the curve is still called I-V instead of J-V curve. Figure 1.5 represents 
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the light and dark I-V curves. The most important parameters needed to calculate the 
efficiency of the solar cell, short circuit current, open circuit voltage and fill factor, can 
be extracted from the I-V curve. The photocurrent at zero bias voltage is called short 
circuit current (Jsc), where the current flows freely through a zero resistance load. The 
current decreases as the bias voltage increases until it reaches zero at open circuit voltage 
(Voc). Increasing the bias voltage greater than Voc, results in a current in the opposite 
direction to the photocurrent. Fill factor is a measure of the squareness of the curve. It can 
be calculated by  
   
    
       
 ,                                                                                                             (1.3) 
where Pmax is the maximum value of current-voltage product. The power conversion 
efficiency of a solar cell is defined by 
  
    
      
.                                                                                                                  (1.4) 
 
Figure1.5. I-V characteristic of a solar cell in dark and under illumination. 
 
Dark 
Light 
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Plight is the power of the incident light on the solar cell. 100 mW/cm
2
 of white light 
with the spectrum known as AM1.5 is taken to  e “  sun”. 
 
1.2.2.2. Light harvesting efficiency 
Optical characterization complements the electronic characterization and gives 
information about possible losses in absorption, reflection in the cell. Light Harvesting 
Efficiency (LHE) is a measure of light absorption in the solar cells. LHE measures the 
percentage of incident light that is absorbed by the absorber layer. It is related to the 
absorbance, A, by 
    (      )      .                                                                                   (1.5) 
1.2.2.3. External and internal quantum efficiencies 
External Quantum Efficiency (EQE), sometimes called as Incident Photon to Current 
Conversion Efficiency (IPCE), measures the percent of the incident photons that produce 
electrons that can be collected from the cell.  
EQE at each wavelength of the light is defined by 
    
         ⁄   (             )
         
.                                                                             (1.6) 
In other words, EQE is the product of light absorption in the absorber and the 
collection efficiency of the electron-hole pairs. Therefore, Internal Quantum Efficiency 
(IQE) is calculated by 
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 .                                                                                                              (1.7) 
IQE is normalized by the absorption and therefore gives more insight about the 
transport and collection of the carriers in the cell.  
 
1.2.3.Advantage of nanowires 
Nanostructured architecture enables employing absorbers with high absorption 
coefficient but low diffusion length. The nanostructured n-type architecture is typically 
achieved using either a nanoparticle film [18] or an array of nanowires [30]. Electron 
transport in single-crystal nanowires is expected to be much faster than in a torturous 
nanoparticle network,[18] and well-aligned pores formed by the nanowire array enable a 
direct path for infiltration by the p-type material.  Dye sensitized solar cells (DSSCs) also 
employ a nanostructured architecture to maximize light harvesting by an interfacial 
absorber,[27] and nanowires have also been used in DSSCs to improve charge 
transport.[6], [31–34]  However, ETA cells are expected to be more robust and have 
longer lifetimes than DSSCs because they replace the organometallic dye absorber and 
the liquid electrolyte hole conductor with more stable inorganic semiconductors.  
Additionally, the surface area of a nanowire array is too small to harvest all incident light 
using a monolayer of dye molecules [35] but is sufficient with a thin semiconductor 
coating.[12] Moreover, micron-long nanowires with diameters and spacings on the order 
of 100 nm lead to efficient light trapping, which reduces the amount of required 
absorber.[13], [36]  
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Although additional surface area enables thinner absorbers and reduces bulk 
recombination, it also increases the dark current. Therefore an optimal design will use the 
maximum absorber thickness that still allows efficient charge separation, along with the 
minimum surface area required to achieve sufficient light harvesting with that thickness. 
For a given nanowire array, a coating that is too thin will not harvest all incident light. 
However, a coating that is too thick will cause additional bulk recombination in the 
absorber. Therefore, the method of deposition must enable precise thickness control to 
achieve the optimum thickness. Additionally, the coating should be highly crystalline, 
uniform, and conformal with tight control over the microstructure.  
 
 
1.3. Solution-based deposition techniques 
A variety of inexpensive techniques have been used to deposit extremely thin films 
and coatings, including chemical bath deposition (CBD), sol-gel, successive ionic layer 
adsorption and reaction (SILAR), and electrodeposition.   
1.3.1. Chemical bath deposition  
Chemical bath deposition (CBD) has been widely used for more than 130 years.[29] 
The capital equipment required for CBD is not expensive. CBD is a scalable technique 
that can be used for large area batch processing and continuous reel-to-reel 
deposition.[37] Different types of chalcogenide (CdS, CdSe, ZnS, PbS),[38–42] 
chalcopyrite (CuInS2, CuInSe2),[43] and oxides (ZnO, In2O3, SnO2)[44–49] have been 
deposited by CBD. 
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The CBD process includes a thermally-activated chemical reaction or reactions that 
lead to formation of a thin film. For the CBD growth, the substrate is required to be 
placed in a vessel that includes a heated aqueous solution containing the precursors, such 
as the metal salt, pH buffers, and the complexing agent. After dissolution and 
decomposition, the cation and anion react to form the desired semiconductor. The 
formation of the semiconductor happens both in solution (homogeneously) and on the 
surface of the substrate (heterogeneously).  
In this thesis, CBD was used to grow ZnO nanowires on a ZnO seed layer. The exact 
procedure for the seeding method and ZnO precursors in CBD are explained in the 
experimental section of chapter 3. 
The major drawback of CBD is the large amount of solution waste generated after 
each deposition. In addition, the bulk precipitants may clog the pores in the nanorod or 
nanowire array. Recently, microreactors have been developed to increase the reaction 
yield and minimize bulk precipitation.[50] 
1.3.2. Electrodeposition  
Electrodeposition is a scalable and low-cost deposition technique. However, the 
capital cost of the equipment is more than CBD since electrodeposition requires a 
suitable power supply and electrodes. One of the advantages of electrodeposition is the 
low amount of waste generation. The major drawback of electrodeposition is that it needs 
a conductive substrate, which limits its application in some technologies. 
Electrodeposition uses electrolysis to deposit the coating of desired composition from 
a bath, containing the ions of interest. Figure 1.6 shows a schematic of the 
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electrodeposition set-up that has been used for this work. The set-up includes a 
conductive substrate, a platinum counter electrode, which can be either a sheet or wire, 
and Ag/AgCl reference electrode. In a cathodic electrodeposition, the cations are reduced 
at the surface of the conductive substrate based on the chemical reaction 
M
+n
 + X + ne
-
           MX                                                                                         (1.2). 
More detailed explanation of the reactions involved in electrodeposition of compound 
semiconductor is explained in chapter 2 and 3. 
Electrodeposition has been used to electrodeposit almost all of the components of an 
 
 
Figure 1.6 Electrodeposition set-up includes a conductive substrate (fluorine-doped tin oxide glass), 
platinum sheet as the counter electrode, and Ag/AgCl reference electrode. 
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ETA cell. ZnO nanowires as the n-type material,[15], [51] CdTe,[52] CdSe,[53] 
ZnTe,[54] as the absorber layer, and CuSCN as the p-type material[55], [56]  have been 
successfully electrodeposited. In this work, electrodeposition is used to form a conformal, 
crystalline, and controlled-thickness CdSe coating on the ZnO nanowire array. In 
addition, CuSCN films were successfully deposited on CdSe thin films for the 
experiments on thin film solar cells. 
 
1.3.3.Successive ionic layer adsorption and reaction  
Successive ionic layer adsorption and reaction (SILAR) can be considered a 
modification of CBD. SILAR was invented in 1985 by Yann F. Nicolau.[57] The method 
has been used to deposit sulfides (ZnS, CdS, NiS),[58], [59] selenides (CdSe, ZnSe),[60], 
[61] thiocyanates (CuSCN)[62], [63].  
SILAR deposition occurs by dipping the substrate in turn in vessels, containing the 
source of desired cation and anion. The substrate is rinsed with the solvent in between its 
immersion in the cation and anion solutions. Therefore, one growth cycle consists of four 
 
 
 
Figure 1.7 Schematic of different steps in one cycle of SILAR deposition. (a) cation 
adsorption, (b) rinsing, (c) anion reaction, (d) rinsing. [37] 
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different steps, Figure 1.7. To obtain a film with required thickness, the number of 
SILAR cycles is changed. 
In this work, SILAR is used to deposit ultra-thin layers of CdS as passivation layers in 
ETA cells. More detailed description of the deposition of CdS is explained in chapter 5. 
 
1.4. Drawbacks and limitations of the ETA cell 
 There are some limitations in the ETA cells to reach their maximum predicted 
efficiencies (~15%). The large interfacial area in ETA cells leads to large back 
recombination current which requires an effective blocking layer. In addition, these cells 
often suffer from low open circuit voltage due to mismatch between the materials and the 
offsets in the band alignment.  The active area in the current cells with 3.4% are very 
small (0.05 or 0.15 cm
2
)[26]  and expanding the area results in poorer efficiencies. In 
addition, most of the cells with CuSCN as the hole-conductors are required to be exposed 
to light soaking to improve the performance.[21] Generally, limitations in achieving high 
performance ETA cells can arise from fast interfacial recombination kinetics, difficulty in 
filling the n-type material with the absorber and the p-type, and low conductivity of the 
hole-conductor.  More effort is needed to advance ETA cells toward their expected 
efficiencies of above 15.[8], [9] Improving solar cell efficiencies requires more thorough 
understanding and control of the structural and electronic properties of the materials and 
interfaces. 
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1.5. Organization of this thesis 
Chapter 2 describes the formation of a thin coating of CdSe on Fluorine-doped tin 
oxide (FTO) glass substrate by electrodeposition. The effect of applied deposition 
potential on the uniformity and thickness of a continuous CdSe film is investigated. 
Chapter 3 explains the electrodeposition of CdSe onto ZnO nanowire array. The 
electrodeposition condition is optimized to achieve a conformal coating with desired 
composition which is essential for ETA cell applications. 
Chapter 4 discussed the crystallinity and microstructure of CdSe coating on ZnO 
nanowires using in situ annealing in both TEM and XRD. The effect of annealing on the 
crystallite growth and ultimately on the performance of ETA cell is studied. 
Chapter 5 describes the fabrication of solar cells. All-inorganic planar films are 
characterized and compared to the planar cells with liquid electrolytes. In addition, 
optimum thickness of the absorber layer is determined by short circuit current and 
internal quantum efficiency measurements as a function of thickness. Also, the 
suppression of recombination current in nanowire-based solar cells is studied by applying 
ultra-thin layers of CdS.  
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2. Nucleation and growth of electrodeposited CdSe 
2.1. Introduction 
The objective of this chapter is to investigate nucleation and growth of CdSe films 
electrodeposited at different bias potentials under near-neutral pH conditions. We show 
that more negative bias potentials allow better control over the uniformity and thickness 
of continuous CdSe films. Good uniformity and control over thickness are essential for 
application of CdSe in photodetectors, light emitting diodes, lasers, and solar cells.[64]   
 Electrodeposition is a scalable, inexpensive method of depositing semiconductors that 
allows solution-based processing near room temperature. Most CdSe thin films have been 
electrodeposited from acidic aqueous baths with pH< 3.[65–68] However, these thin 
films are often contaminated by codeposition of elemental selenium arising from the 
reaction of selenous acid with hydrogen or CdSe.[69], [70] Acidic solutions are also 
undesirable because they etch materials commonly used in conjunction with CdSe. For 
example, CdSe is often deposited on ZnO nanowires in extremely thin absorber solar 
cells,[7], [12] but electrolytes with pH below ~5-6 would etch ZnO during 
electrodeposition of CdSe. Near-neutral (pH 8) electrolytes containing selenosulfates 
offer advantages for multi-layer structures and were used in this work for 
electrodeposition of CdSe.  
Careful investigation of nucleation and growth during electrodeposition of thin films 
provides insight into the kinetics of nucleation, the formation of the deposit at the 
electrode surface, and the deposit morphology. In situ chronoamperometric data collected 
during potentiostatic electrodeposition can be fit with models to determine whether the 
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nucleation is instantaneous or progressive, whether growth is two-dimensional or three-
dimensional, and whether the deposition rate is limited by diffusion or charge transfer. 
Fitting parameters of such models can also provide quantitative information such as the 
density of nuclei and the growth rate, which play an important role in determining film 
morphology and uniformity. Modeling chronoamperometric data as a function of bias 
voltage has been widely employed to investigate deposition of elemental metals such as 
gold, zinc, and nickel.[71–73] However, these methods have rarely been extended to 
binary semiconductors such as CdSe or to heterogeneous nucleation on a foreign 
substrate.  
Kutzmutz et al. investigated nucleation and growth of CdSe on Pt, Au, Ti, Si and 
carbon at pH of ~9.5 under a range of electrolyte compositions and at a single 
potential.[69] Additionally, Shen et al. and Henriques et al. reported the effect of bias 
potential on the structure and morphology of CdSe electrodeposited from aqueous acidic 
and dimethyl sulfoxide baths, respectively.[65], [74] However, the effect of bias potential 
on the nucleation and growth of CdSe in near-neutral baths has not previously been 
reported in detail.   
In this chapter, we examine the effect of applied bias potential on morphology and 
uniformity of CdSe thin films electrodeposited from a near-neutral bath. CdSe was 
electrodeposited potentiostatically on conductive F:SnO2-coated glass (FTO). Nuclei 
grow according to the Volmer-Weber mechanism and coalesce to form a dense thin film. 
A two-rate model fits electrodeposition current transients very well, indicating 
instantaneous three-dimensional nucleation followed by growth that is limited by charge 
transfer rates.[75] We show that the two-rate model not only fits nucleation and growth 
20 
 
of an elemental metal, but also describes the nucleation and growth of CdSe, which is a 
compound semiconductor. The model shows that both nucleation density and growth rate 
increase with increasing bias potential. Larger nucleation density results in earlier 
coalescence of nuclei into continuous films and also results in more uniform film 
thickness thereafter. Good control over thickness and coalescence of continuous films at 
small film thickness are important for applications such as extremely thin absorber solar 
cells.[7] 
 
2.2  Experimental 
2.2.1. Electrodeposition of CdSe thin films 
CdSe thin films were electrodeposited on transparent, conductive FTO substrates. 
FTO is widely used in thin film solar cells, where it serves as both an ohmic contact and a 
transparent window that allows light to be transmitted to the absorber layer. The FTO 
substrates were cleaned by consecutive sonication for 15 minutes each in acetone, 3% 
acidic detergent, isopropanol, and DI water. CdSe thin films were electrodeposited with a 
three-electrode cell that used the substrate as the working electrode (2 x 3.2 cm
2
 area), a 
platinum wire as the counter electrode, and a Ag/AgCl reference electrode. CdSe was 
electrodeposited potentiostatically at room temperature using a potentiostat (Gamry series 
G300) with potentials in the range of -0.95 V to -1.15 V. 
The electrolyte was a weakly alkaline aqueous solution of 0.05 M cadmium acetate, 
0.1 M nitrilotriacetic acid trisodium salt (Na3(NTA)), and 0.05 M selenosulfate with 
excess sulfite.[12] The pH of the solution was adjusted to 8.0 by adding acetic acid.  The 
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electrolyte was made by mixing 1:1 volumetric ratio of two solutions, the selenium and 
cadmium sources, which were prepared separately. The selenosulfate solution (0.1 M 
selenium and 0.4 M Na2SO3) was stirred on a hotplate at 90 ºC for two hours. Excess 
selenium was precipitated overnight and filtered out. 0.1 M cadmium acetate was mixed 
with 0.2 M Na3(NTA) separately to prevent any interaction between selenium and 
(NTA)
3-
. (NTA)
3-
 complexes with cadmium ions. Controlled release of cadmium ions 
prevents homogenous reaction in the solution and enables deposition of CdSe at the 
surface. Fresh solutions were prepared for each day of experiments and the two solutions 
were mixed immediately before deposition to avoid homogeneous reaction in the bath.  
 
2.2.2. Thin film characterization 
The morphology of deposited materials was imaged using scanning electron 
microscopy (SEM, Zeiss Supra 50 VP). Crystallinity of the thin films was characterized 
by x-ray diffraction (XRD, Rigaku SmartLab)  ith Cu Kα radiation.  In situ 
electrochemical data were recorded using software accompanying the Gamry 
potentiostat. 
2.3. Results and discussion 
2.3.1. Cyclic voltammetry 
CdSe electrodeposition can proceed according to numerous different pathways depending 
on pH, temperature, and concentrations.[69], [76]
 
Following Tena-Zaera et al.,[12] we 
believe that the most likely overall reaction for our conditions is 
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Cd
2+
 + Se + 2e
-
             CdSe                                                                                        (2.1). 
The solution takes on a reddish-orange color as acetic acid is added to reduce the pH to 8.  
This red color arises from the dissociation of selenosulfate ions into elemental selenium 
and sulfite ions near neutral pH conditions.[76] At pH~9 and 65 ºC, selenosulfate was 
reported to hydrolyze to give Se
2-
.[77] In that case, CdSe would likely be the product of 
the reaction between Cd
2+
 and Se
2-
. However, given the presence of elemental selenium 
and our measurements that the deposition is a 2-electron process, Equation 1 appears to 
be the most probable deposition reaction at neutral pH and room temperature.  
Species in the electrolyte react to form a solid deposit on the electrode surface 
following sequential steps of ion transport, discharge, nucleation, and growth.[78] Cyclic 
voltammetry gives insight into the deposition of CdSe. In particular, cathodic 
potentiometry indicates the potential range for potentiostatic deposition of CdSe without 
co-deposition of selenium or cadmium. Figure 2.1 shows two consecutive cathodic 
cycles, between -0.4 V and -1.2 V, on FTO in the electrolyte solution. The larger current 
density during the reverse scan compared to the initial forward scan in the first cycle 
indicates that CdSe electrodeposits more readily onto existing CdSe than onto FTO. 
Likewise, current densities of both the forward and reverse sweeps of the second cycle 
are very similar to the reverse-sweep of the first cycle because deposition occurs on 
existing CdSe rather than on FTO.   
23 
 
 
Figure 2.1. Cyclic voltammogram of CdSe deposition onto FTO electrode. The scan rate was 50 
mV/s. The arrows indicate the direction of the potential sweep in first (solid line) and second 
(dash line) cycles. 
 
 
The cyclic voltammogram does not include diffusion-controlled peaks or constant 
diffusion-limiting current, indicating that electrodeposition in this regime is probably 
controlled by activation of a charge transfer reaction at the surface.[79] Based on the 
cyclic voltammetry data, the bias potential for subsequent studies was chosen to be in the 
range of -0.95 to -1.15 V. Potentials less negative than -0.95 V will have very slow 
deposition rates.  Bias potentials more negative than -1.20 V are likely to co-deposit 
elemental selenium.  This phenomena was reported by Szabo and Cocivera;[70] and we 
have found that Se:Cd ratios are ~10% higher for potentials ranging from -1.25 to -1.80 
V than for potentials in the -0.95 to -1.20 V range.   
24 
 
2.3.2. Correlating current transients to morphology during CdSe electrodeposition 
Current transients provide insight into nucleation and growth of electrodeposited 
thin films. The current transient of a CdSe coating electrodeposited onto FTO at -1.00 V 
is shown in Figure 2.2. The current initially increases as adatoms nucleate small islands 
of CdSe. The nucleation proceeds via a Volmer-We er echanis  in  hich the adato s’ 
cohesive force is stronger than the surface adhesive force.[80] This mechanism results in 
nucleation of three-dimensional islands. These nuclei facilitate further adsorption and 
crystal growth as the surface fraction of CdSe increases. The current increases to a 
maximum after ~70 s, at which time the electroactive area is maximized. The current 
subsequently decays due to the physical fusion of active growing sites, gradually 
approaching a non-zero steady-state value as a planar film is formed and surface 
roughness no longer changes with time.[81]
,
[82] 
 
Figure 2.2. Current density and charge density transients of CdSe electrodeposition onto FTO 
at -1.0 V. Labeled points correspond to SEM images in Fig 3. 
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In order to study the evolution of morphology during nucleation and growth, the 
deposition was stopped after different deposition times and the samples were imaged 
using SEM. As the deposition time increases, the charge density and, hence, volume of 
CdSe increase as well, as shown in Figure 2.2. Figure 2.3 shows morphology of CdSe 
deposited at -1.00 V after deposition times (charge densities) of 15 s (0.625 mCcm
-2
), 40 
s (4 mCcm
-2
), 110 s (18 mCcm
-2
) and 750 s (125 mCcm
-2
), which are respectively 
identified as a, b, c, and d in Figure 2.2. Deposition of CdSe begins with formation of 
nuclei, Figure 2.3(a). Sparse nuclei, with diameters on the order of 10 nm, are smaller and 
appear brighter than the large FTO grains, which have diameters of ~150 nm. As the 
charge density increases, the nuclei grow in size, Figure 2.3(b). When the current density 
reaches the peak, the CdSe islands have the largest electroactive area. The majority of 
islands start to overlap around this point, as shown in Figure 2.3(c). Further increase in 
charge density leads to complete coalescence of the islands and results in a smoother 
film, Figure 2.3(d). Increasing charge density beyond the point where steady-state current 
has been reached increases the thickness without changing the roughness. The dense film 
in Figure 2.3(d) had thickness of ~200 nm, as shown by the cross-section in Figure 
2.3(e). Figure 2.3(f) shows a schematic of the film evolution, corresponding to different 
stages of growth in Figure 2.3(a-d).  
We note that progression through different stages of growth depends on electrolyte 
chemistry and substrate, as well as bias potential.  For instance, ITO has different surface 
chemistry than FTO and is also much less rough.  The onset of deposition occurs at less 
negative bias potentials for ITO, and steady state is reached at lower charge density 
because the ITO substrate is smoother.  While ITO and other conductive substrates are 
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also of technological importance, we focus here on the effect of bias potential on 
deposition on FTO. 
 
 
2.3.3. Influence of bias potential on the current transient 
The applied bias potential drives the electrochemical reaction, whose rate can be 
monitored by the current transient. Figure 2.4 shows the potentiostatic current response 
for CdSe electrodeposited onto FTO at different potentials ranging from -0.95 V to -1.15 
V. Larger potentials lead to larger current densities throughout the reaction. Therefore, 
 
Figure 2.3. SEM images of CdSe deposited on FTO at a bias potential of -1.0 V after (a) 15 s, 
(b) 40 s, (c) 100 s, and (d) 750 s. Labels correspond to labeled points on the current transient 
in Figure 2.  (e) Cross-sectional SEM of CdSe film in (d) showing a thickness of ~200 nm. (f) 
A schematic of the deposition shows that nuclei form (a) and grow in size (b). The growing 
nuclei coalesce, (c), and form a continuous layer, (d). 
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shorter electrodeposition time is needed at larger bias potentials to reach the same charge 
density. The final charge density for each bias potential in Figure 2.4 is 125 mCcm
-2
. 
Assuming that the Faradaic efficiency is independent of bias potential, stopping the 
deposition at the same charge density ensures that the same amount of CdSe was 
deposited in each film, which is important for further morphological and structural 
comparisons between films. Figure 2.4 also shows that the position of the maximum 
current is shifted to earlier times at higher potentials. The time of maximum current 
density decreases from 153 s at -0.95 V to 8 s at -1.15 V. The time of maximum current 
density represents the beginning of physical overlap of neighboring islands. The islands 
coalesce faster at larger bias potentials because of both higher nucleation density and 
higher growth rate, as will be discussed in the modeling section. Additionally, the peak in 
 
Figure 2.4. Current density transients of CdSe electrodeposited onto FTO substrate within the 
potential range of -0.95 to -1.15 V. In each case, deposition was stopped after a charge density of 
125 mCcm
-2
. 
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current density gets sharper as the potential is increased because the morphological 
evolution happens more quickly.  Finally, the steady-state current density, which is 
achieved after the complete overlap of the islands, is larger at larger bias potentials. 
Larger bias potentials provide a larger driving force for the electrochemical reaction and, 
hence, the current density increases based on the Butler-Volmer equation [83]. 
 
2.3.4. A two-rate model describes nucleation and growth 
The two-rate model developed by Bosco et al.[75] and modified by Li et al.[84] 
was used to fit the experimental current transients. The model predicts all the important 
features of the curves, including the peak and steady-state current densities, for all the 
applied bias potentials. The relationship between current density and time was derived 
assuming instantaneous three-dimensional nucleation, followed by coalescence of nearly 
hemispherical sites that ultimately develop a planar surface. The model also assumes that 
the growth is limited by charge transfer.  
Charge-transfer limited growth models are separated into two categories: i) shape-
changing and ii) shape-preserving geometries during the growth.[85] Shape-changing 
geometries, including hemispheres and generally hemispheroids and spherical caps, show 
a maximum in the current transient response.[82]
,
[86]
,
[87] However, shape-preserving 
geometries such as right-circular cones show a rising current reaching a steady-state 
value without a peak.[81] A shape-changing model explains both initial and final stages 
of growth in our work. The current increases to a maximum at the early stage of growth 
and then decays to a constant value at longer times. Diffusion controlled models also 
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include a maximum. However, the current decays to zero after reaching a maximum 
according to the Cottrell equation.[88]
,
[89]
,
[90] Diffusion-controlled models do not fit 
our experimental data, which show a non-zero steady-state current.   
Hemispherical models predict the peak and the subsequent plateau of the current 
transient. However, the ratio of the peak to the steady-state value is fixed at 1.28 and 1.33 
for instantaneous and progressive nucleation, respectively.[91]
,
[92] Hemispherical 
models cannot satisfy other ratios of peak to steady-state current density. Alternatively, 
the two-rate model developed by Bosco et al. and modified by Li et al. can fit other ratios 
by allowing for non-hemispherical shapes.[75]
,
[84] Several mechanisms can lead to non-
hemispherical shapes. For instance, different surface energies between the deposit and the 
substrate will lead to asymmetric growth.  The degree of asymmetry will be time-
dependent as islands grow and coalesce. Transient current densities can also result from 
other mechanisms such as concurrent side reactions,[84]
,
[93] inhibition of growth by 
adsorbates,[84] or formation of domains of elemental Cd or Se.[94], [95]  However, no 
evidence of these effects were found and they were not considered further.  
The two-rate model includes two rates, parallel, p, and perpendicular, q, to the 
substrate that are described by 
   ,                                                                                                                             (2.2) 
         (   ),                                                                                                    (2.3) 
where k, k1, and λ are positive constants. This model assumes that the lateral growth rate 
is constant. However, the vertical growth rate is time dependent as a result of partial 
inhibition. The vertical growth rate decreases from k+k1 at t = 0 to k as t ∞. The  odel 
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converges to the hemispherical model as the exponential term becomes negligibly small. 
The current transient is calculated using the Avrami theorem for overlap of multiple 
centers.[75], [96] Assuming instantaneous nucleation, the current transient is given 
by[84] 
         (   )      (    
 )       (   ) ∫    (    
    )     
 
 
                                             
    (     (    
 )                                                                                                   (2.4). 
 P1, P2, and P3 are given by 
       ,                                                                                                                     (2.5) 
   
       
  
,                                                                                                                 (2.6) 
       ,                                                                                                                      (2.7) 
where z is the number of exchanged electrons per molecule, F is the Faraday constant, k 
is the rate of crystal growth in the parallel direction, N0 is the density of active sites, M is 
molecular weight, and ρ is density of the deposit.  
The two-rate model predicts a maximum in the current density followed by a decay to 
a steady-state at long times. Figure 2.5 shows that the model fits the experimental data 
very well over a wide range of deposition potentials. Table 2.1 lists the best-fit 
parameters for each potential.  The method of least-square error minimization was used 
for curve fitting. In order to fit both the transient and steady state regions of the curve, 
equal weight was given to fit five different criteria: zero current density at time zero, the 
value of the maximum current density, the time of the maximum current density, the 
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steady-state current density, and the time to decay to 110% of the steady-state current 
density. Other fitting criteria did not result in better fits over the large range of time 
scales. 
  
Table 2.1. Fitting parameters of Equation 4 for CdSe current density transients at different applied 
potentials. Values are reported as  ̅     where  ̅ is the average and    is one standard deviation 
of the fitting parameters obtained from three different substrates. 
 
E 
(V) 
P1 
 (mAcm
-2
) 
P2 
(s
-2
) 
P3 
 (mAcm
-2
) 
λ 
(10
-2 
s
-1
) 
0.95 0.029±0.004 (2.1±0.2)x10
-4
 0.070±0.005 0.38±0.05 
1.00 0.041±0.006 (1.1±0.2)x10
-3
 0.13±0.002 0.69±0.01 
1.05 0.056±0.009 (4.8±1.6)x10
-3
 0.18±0.012 1.20±0.21 
1.10 0.088±0.009 (1.9±0.6)x10
-2
 0.29±0.015 1.88±0.12 
1.15 0.105±0.012 (1.1±0.3)x10
-1
 0.37±0.020 3.21±0.03 
 
 
Figure 2.5. Experimental current density transients (circles) for deposition at different potentials 
compared with fitted curves using the two-rate, partial-inhibition model of Equation 4 (lines). 
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Sensitivity calculations confirm that the error between the model and the 
experiments is minimum at the obtained parameter values. Sensitivity analysis describes 
how the objective function of the error behaves as the parameters are perturbed. The 
normalized error is calculated by 
Normalized error=
 (  )
 (    )
 , 
Where E(xp) and E(xopt) are the errors at the perturbed and optimum parameter 
values. Figure 2.6 shows the sensitivity at each potential for all the four parameters. For 
all potentials and parameters, the normalized error is minimum at the optimum parameter 
values, showing the obtained values are reliable. 
The two-rate model fits well at all potentials, so we conclude that the growth 
mechanism and rate-limiting process are the same over the entire range of -0.95 V to -
1.15 V. The small discrepancy between the model and experimental data may arise from 
the surface of the cathode. FTO is a relatively rough substrate, while the model assumes 
growth on a perfectly smooth surface. In addition, the model assumes an instantaneous 
nucleation for all bias potentials. It is likely that kinetics of nucleation change from 
instantaneous to progressive as the bias potential is decreased.  
The fitting parameters of the two-rate model provide physical insight into CdSe 
nucleation and growth. Table 1 shows that all four parameters increase with increasing 
bias potential. P3 corresponds to steady-state current density since      as    . 
Hence, the steady-state current density increases with increasing bias potential. Based on 
Equations 2.4 and 2.7, current density is only dependent on growth rate, k, at steady state. 
Rate constants typically have an activation energy, which itself can be weakly potential 
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dependent.[79] This is shown in Figure 2.7(a), where the growth rate increases 
 
 
 
 
Figure 2.6.Normalized error as a function of normalized parameter value for (a) 0.95, (b) 1 V, (c)1.05 V, (d)1.10 
V, (e)1.15 V. Normalized error is minimum at obtained optimum value for all four parameters. 
 
a 
b c 
d e 
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approximately exponentially with bias potential.  
Nucleation density also increases with bias potential.  From Equation 2.6, P2 
depends on both nucleation density and the growth rate.  Knowing the value of the 
growth rate, k, at each potential, the density of nuclei can be calculated. Larger density of 
nuclei improves the uniformity of the thin film. Figure 2.7(b) shows that the calculated 
nucleation density increases approximately exponentially with increasing bias potential. 
Larger numbers of nucleation sites at larger potentials result in more uniform film 
thickness. Assuming instantaneous nucleation, the average area of a single island at the 
coalescence point can be estimated by the inverse of the nucleation density. The 
characteristic width of the islands at the coalescence point decreases from ~14 nm at -
0.95 V to ~3 nm at -1.15 V. Note that the island size does not necessarily correspond to 
the crystallite size, as will be discussed in Section 3.6.  
Table 2.1 also shows that both P1 and λ increase with bias potential. P1 increases 
the magnitude of the exponential term added in q. λ is the inverse of the time constant of 
the exponential term. As the bias potential increases, the current decays faster to steady 
state current as a result of hi her λ because morphology evolves more quickly at higher 
deposition rates. 
 
2.3.5. Effect of bias potential on the thickness at the coalescence point 
Larger density of nuclei allows formation of the first continuous layer with a 
smaller amount of deposit, which consequently decreases the average film thickness at 
coalescence. Figure 2.7(b) shows that higher nucleation densities are achieved at higher 
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Figure 2.7. (a) Growth rate, k, and (b) nucleation density, N0, of CdSe electrodeposited onto FTO 
as a function of bias potential. Both growth rate and nucleation density were calculated based on 
fitting parameters of the two-rate model. Note that both growth rate and nucleation density are 
plotted on a logarithmic scale. Error bars are one standard deviation from three substrates, as 
indicated in Table 1. 
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bias potentials. The schematics in Figure 2.8 compare the growth of films initiated with 
two different nucleation densities. Three different growth steps are shown in Figure 2.8: 
1) growing nuclei, 2) initial overlap of growing sites, and 3) film growth after overlap. 
. 
Sparser nuclei become much larger than denser nuclei before the overlap. Therefore, at 
the point of overlap, the film formed by the small number of nuclei, Figure 2.8(a), has 
larger average thickness than that made by the large number of nuclei, Figure 2.8(b). 
Additionally, after the overlap, the film formed by the small density of nuclei is rougher 
 
 
 
Figure 2.8. Schematics of CdSe growth before (light orange), during (orange), and after (brown) 
overlap for (a) low nucleation density (small bias potential) and (b) high nucleation density 
(large bias potential). Higher density of nuclei leads to a thinner and more uniform film. 
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and less uniform in thickness. Therefore, larger bias potentials enable higher nucleation 
density and thinner films at the coalescence point. 
Larger potentials with higher nucleation densities enable better control over the 
thickness of the deposit, especially for very thin coatings. At larger potentials, less CdSe 
is needed to cover the entire substrate. As mentioned in Section 3.4, most of the growing 
nuclei start to coalesce around the time of the maximum current density. Therefore, the 
charge density at the peak indicates the amount of CdSe needed to form a continuous 
layer. Figure 2.9 shows the measured charge density at the peak of the current transient 
and the corresponding average thickness as a function of bias potential. Charge density of 
the maximum current is calculated by   ∫    
    
 
, where tmax is time of maximum 
current. The charge density at the peak decreases as the potential increases. The average 
thickness at coalescence  as calculated  ro  Faraday’s  irst la  usin  the char e density 
at the maximum current density and assuming 100% Faradaic yield. Large 
electrodeposition potentials enable deposition of very thin continuous films that are 
uniform and free of pinholes.  For example, the average thickness at coalescence is only 6 
nm for potential of -1.15 V.  In contrast, films deposited at -0.95 V require thicknesses of 
nearly 25 nm before islands coalesce. 
 Uniform and ultra-thin CdSe coatings are necessary in extremely thin absorber 
solar cells where the CdSe absorber is sandwiched at the interface between 
nanostructured n-type and p-type semiconductors.[7], [12] Light is absorbed in the CdSe 
absorber layer, and photoexcited electrons and holes must be transferred to the n- and p-
type layers, respectively.  A coating that is too thick leads to bulk recombination in the 
absorber. However, coatings that are not continuous can cause increased shunting. 
38 
 
Therefore, thin and continuous coatings with good control over thickness and uniformity 
are desirable. Larger deposition potentials with corresponding large density of nuclei 
enable controlled deposition of thinner, more uniform coatings. Such thin coatings will 
not be continuous if deposited at smaller bias potentials.  Care must be taken when 
choosing potentials more negative than those reported here to avoid co-deposition of 
elemental cadmium or selenium.[70] 
 
 
Figure 2.9.  Charge density and average thickness at the characteristic time when nuclei overlap 
(the time of maximum current density) as a function of bias potential. 
 
2.3.6. Effect of bias potential on crystallite size 
Electrodeposition bias potential does not change the CdSe crystallite size. XRD shows 
that CdSe thin films are polycrystalline with two small, broad peaks at 25.4° and 42.1° 
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corresponding to zinc blende (111) and (220) reflections, Figure 2.10(a). The crystallite 
size (D) of the CdSe was calculated using the Scherrer equation 
  
  
      
  .                                                                                                              (2.2) 
K is a constant that depends on the shape of crystallite and is close to unity,[97] λ is the 
wavelength of the incident x-rays, and θ is the diffraction angle of the peak.  β is the 
intrinsic broadening that can be described using the Cauchy-Cauchy relationship [98] 
          ,                                                                                                                        (2.3) 
where FWHM is the full width at half-maximum of the peak and b is the 
instrumental broadening. The (001) peak of a reference silicon wafer was used to 
measure the instrumental broadening. Crystallite size at each bias potential, Figure 
2.10(b), was calculated by PDXL software, using the diffraction plane at 42.1° and the 
Scherrer equation. FWHM of a silicon powder reference was used to account for 
instrumental broadening. The CdSe crystallite sizes are 4 - 5 nm over the entire range of 
bias potentials studied. At the largest bias potential, the crystallite size is comparable to 
the average thickness (~6 nm) and island size (~3 nm) at the coalescence point. At the 
smallest potential, however, the island size (~14 nm) and thickness (~23 nm) at the 
coalescence point are much larger than the crystallite size, meaning that islands consist of 
many crystallites.    
The difference between the thickness of the CdSe film and its crystallite size 
impacts separation of photoexcited charge carriers in solar cell applications. If the film 
thickness is larger than the crystallite size, photoexcited charges must cross multiple 
grain boundaries before reaching the interface with n- or p-type semiconductors. Having 
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to traverse these grain boundaries leads to slower transport and increased recombination 
of photoexcited charges, which leads to lower efficiency of charge separation. Although 
bias potential does not affect crystallite size, post-deposition annealing does increase the 
 
Figure 2.10. (a) XRD pattern of CdSe thin film electrodeposited at bias potential of -1.05 V and 
charge density of 125 mCcm
-2
 (thickness of approximately 200 nm). (b) Calculated crystallite 
size as a function of bias potential. Error bars are one standard deviation from two substrates. 
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crystallite size of CdSe.
44,45
 We have previously shown that CdSe crystallite size 
increases from ~3 nm as deposited to more than 30 nm after consecutive annealing for 
one hour each at 350 °C and 400 °C.
44
  While larger bias potentials do not increase 
crystallite size, they do enable creation of continuous films and coatings even at very 
small thicknesses, which can be advantageous for ETA solar cells when materials have 
very small carrier collection lengths. 
 
2.4. Conclusions 
CdSe thin films were electrodeposited onto FTO substrates from a weakly alkaline bath. 
The morphology of the thin film at different stages of growth was monitored 
electrochemically and by electron miscroscopy, showing a Volmer-Weber mechanism of 
growth. CdSe nucleation and growth is limited by charge transfer, as indicated by cyclic 
voltammetry and the shape of the current transient over a range of bias potentials. A two-
rate model was applied to the current transients to calculate the nucleation and growth 
parameters, such as growth rate and nucleation density. The model was previously used 
to describe electrodeposition of metals, but it is also applicable for semiconductors, as 
indicated by excellent fitting of the current transients of CdSe electrodeposition. Both 
nucleation density and growth rate increase exponentially with increasing bias potential. 
Larger nucleation densities provided by larger bias potential enables coalescence of 
nuclei at smaller thickness, resulting in more uniform film thickness and ability to create 
extremely thin continuous films.  Understanding the dependence of film morphology on 
deposition conditions will enable design of synthesis procedures for optimal extremely 
thin, uniform CdSe films for ETA solar cells and other optoelectronic devices. 
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3. Electrodeposition of CdSe coatings on ZnO nanowire arrays 
3.1. Introduction 
The objective of this chapter was to establish the effect of processing conditions on 
microstructural and optical properties of thin CdSe coatings electrodeposited onto ZnO 
nanowire arrays. CdSe-coated ZnO nanowires have potential applications in photonics, 
optoelectronics, and extremely thin absorber (ETA) solar cells.  
Here we report the electrodeposition of CdSe coatings on ZnO nanowire arrays with 
control over coating thickness, morphology, and microstructure.  We show that CdSe is 
nanocrystalline with no amorphous region separating CdSe from ZnO.  Coating thickness 
is controlled by tuning charge density, and nucleation density is controlled by the current 
density.  In the optimal range of current densities, the coating is conformal and uniform 
over the entire nanowire length.  The CdSe coatings have a high optical density, and the 
thin, conformal coating leaves open pores for subsequent filling by a hole conductor. 
Photoelectrochemical cells made from coated nanowire arrays show strong 
photoresponse to visible light, indicating effective sensitization of ZnO. 
 
3.2. Experimental 
3.2.1. Synthesis 
Thin CdSe coatings were electrodeposited onto ZnO nanowire arrays on transparent, 
conducting substrates that had been seeded with ZnO thin films.  The conductive F:SnO2-
coated  lass su strates     Ω/s    ere cleaned  y sonicatin   or     inutes in a  : :  
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mixture of acetone, isopropanol and DI water before being coated with a thin ZnO seed 
film. The 40 nm thick polycrystalline film was deposited by dip coating in an ethanolic 
solution of 0.375 M zinc acetate and 0.375 M monoethanolamine at withdrawal speed of 
200 mm/min, followed by annealing for 20 minutes at 400 ºC [26]. ZnO nanowires were 
then grown on the ZnO seed film by CBD at 90 ºC from aqueous solution of 0.025 M 
zinc nitrate and 0.025 M hexamethylenetetramine in two 3-hour cycles [8, 27]. CdSe 
coatings were electrodeposited onto ZnO nanowire arrays using a three-electrode 
electrochemical cell following the method of Tena-Zaera [13]. The cell used the ZnO 
nanowire substrate as the working electrode, a platinum sheet as the counter electrode, 
and Ag/AgCl reference electrode. The counter electrode was the same size as the 
substrate, 2 cm x 2.7 cm. The electrolyte was an alkaline aqueous solution of 0.05 M 
cadmium acetate, 0.1 M nitrilotriacetic acid trisodium salt, and 0.05 M selenosulfate with 
excess sulfite.  The pH of the solution was adjusted to 8 by adding acetic acid.  The CdSe 
coating was electrodeposited galvanostatically at room temperature using a potentiostat 
(Gamry series G300) with current density in the range of 0.09-13.5 mAcm
-2
. Current 
densities and charge densities reported here are referenced to the flat substrate area. The 
surface area of the nanowire array is approximately ten times larger than the flat 
substrate.  After CdSe deposition, the samples were annealed in the air for one hour at 
350 ºC. 
 
3.2.2. Material characterization 
The morphology of deposited materials was imaged using scanning electron 
microscopy (SEM, Zeiss Supra 50 VP). High resolution transmission electron 
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microscopy (TEM) and selected area electron diffraction were done using JEOL 
JEM2100. To prepare the TEM sample with the appropriate thickness for cross sectional 
imaging, a coated nanowire array was milled using a focused ion beam (FEI Strata 
DB235), then lifted out and placed on a TEM grid. Crystal structure and grain size were 
characterized by x-ray diffraction (XRD, Siemens D500)  ith Cu Kα radiation. Optical 
transmission of the substrates was measured using a home-built UV-Vis transmission 
spectrometer (Ocean Optics, USB 4000 detector). 
 
3.2.3. Solar cell characterization 
Current-voltage (I-V) characteristics of photoelectrochemical cells were recorded 
using a potentiostat (Gamry, Reference 600) in the dark and under illumination. The light 
source was a 300 W Xe lamp calibrated to AM1.5 spectrum and 100 mW/cm
2
 intensity 
using appropriate filters. Incident photon to current efficiency (IPCE) was calculated by 
passing the light through a monochromator (Oriel Cornerstone 130) and measuring 
photocurrent and light intensity.  
 
3.3 Results and Discussion 
CdSe coatings were electrodeposited galvanostatically onto ZnO nanowire arrays 
using a range of current and charge densities to determine the influence of 
electrodeposition parameters on CdSe morphology, microstructure, and optical 
properties.  Electrodeposition proceeds according to the reaction [12] 
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Cd
2+
 + Se + 2e
-
             CdSe                                                                                        (3.1). 
In section 3.1 we discuss the detailed morphology and microstructure of CdSe deposited 
under a specific set of electrodeposition conditions determined to be within the optimum 
operating window.  We then present the effect of current density (3.2) and charge density 
(3.3) on CdSe properties.  In section 3.4 we demonstrate sensitization of ZnO by CdSe in 
photoelectrochemical cells. 
 
3.3.1. Characterization of CdSe Coatings 
In this section, we describe the details of morphology and crystal structure of CdSe 
coatings electrodeposited using current density of 2.7 mAcm
-2 and charge density of 245 
mCcm
-2
. After CdSe deposition, the sample was annealed at 350 ºC for one hour to 
improve the CdSe crystallinity and increase the grain size.  Figure 3.1 shows SEM 
images of bare and CdSe-coated ZnO nanowires. Figure 3.1(a) shows that the ZnO 
nanowire array grows uniformly over a large area from the ZnO seed film. The nanowires 
are densely packed and vertically well-aligned with ~50 nm diameter and ~1 µm length. 
The inset of Figure 3.1(a) shows the hexagonal cross section of ZnO nanowires, which 
arises due to their wurtzite crystal structure.  
Coating with CdSe increases the diameter of the nanowires. The thickness of the CdSe 
shell is estimated to be 40-45 nm by comparing the insets in Figure 3.1(a) and 3.1(b). 
Also, the inset in Figure 3.1(b) shows that the cross section of CdSe-coated nanowires 
becomes slightly rounded compared to the hexagonal shape in bare ZnO nanowires. Side-
view SEM images, as in Figure 3.1(d), show that the CdSe shell coats the ZnO nanowires 
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conformally all the way to the base of nanowires. Uniform and conformal coatings are 
critical for ETA cell applications. If pinholes existed in the CdSe coating, direct contact 
between ZnO nanowires and the p-type material would result in shunting that degrades 
the cell performance. In addition to being free of pinholes, no continuous film or closure 
of pores was observed near the tops of the nanowires.  The uniform coating along the 
nanowire length indicates that there are no diffusion limitations for the reactants to reach 
the bottom of the pores under these conditions.  Additionally, since the coating is not 
 
Fig. 3.1. SEM plan view of a) bare ZnO nanowires and b) CdSe-coated ZnO nanowires. The 
insets in these two images show higher magnification images to highlight the larger diameter 
of coated nanowires due to the CdSe shell thickness. Cross-sectional SEM of c) bare ZnO 
nanowires and d) CdSe-coated ZnO nanowires showing uniform coating along the entire 
nanowire length. 
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depositing faster near the base or from the substrate, we can assume that the surface 
potential of the nanowires is uniform. Minimal potential drop along the nanowire length 
is expected because the ZnO nanowires are relatively conductive.  Formation of a 
conformal coating is an advantage of electrodeposition compared to CBD, where CdSe 
can form a thin film on top of the nanowire array and prevent further growth of the CdSe 
shell on the ZnO core.[99] 
Cross-sectional TEM, Figure 3.2(a), confirms that the CdSe coating is 40-45 nm thick 
and coats the ZnO nanowires conformally. The rectangular array of spots in the electron 
diffraction pattern, Figure 3.2(b-c), shows that ZnO nanowires are wurtzite and grow in 
the [0001] direction. The rings in the electron diffraction pattern are indexed to 
polycrystalline CdSe, Figure 3.2(c). Specifically, the d-spacings indicate a mixture of 
hexagonal (wurtzite) and cubic (sphalerite) phases of CdSe, which is in accord with our 
 
Fig. 3.2. (a) Cross-sectional TEM image of an individual ZnO nanowire coated with CdSe. The 
layers on top of CdSe are carbon and platinum coatings required for FIB sample preparation. (b) 
Electron diffraction pattern of CdSe-coated ZnO nanowire in (a). (c) The rectangular array of 
spots in the diffraction pattern are indexed to the ZnO nanowire, and the rings are indexed to the 
polycrystalline CdSe shell.  CdSe is a mixture of hexagonal and cubic crystals. ZnO (0001) is 
normally not an allowed reflection but appears due to double diffraction in the thick sample. 
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Fig. 3.3. a) High resolution transmission electron micrograph of the tip of a ZnO/CdSe 
core/shell nanowire. b) Magnified image of a CdSe grain with diameter of ~8 nm.  c) 
Magnified image of the ZnO/CdSe interface showing direct contact between ZnO and CdSe 
crystals without an interfacial amorphous region. 
 
x-ray diffraction data (vide infra), as well as results from Tena-Zaera et al. for annealing 
at 350 ºC.[12] 
CdSe grain size and the crystallinity of the interface between ZnO and CdSe affect the 
ability of photoexcited charges to be transported and separated in ETA cells. Figure 
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3.3(a) shows a cross-sectional high resolution TEM (HRTEM) image of the tip of a 
ZnO/CdSe core/shell nanowire. The single-crystal ZnO nanowire is coated with 
polycrystalline CdSe.  Typical CdSe grain size is 5-10 nm, Figure 3.3(b).  HRTEM 
reveals that there is no amorphous region at the interface, Figure 3.3(c). A highly 
crystalline interface facilitates injection of photoexcited electrons from CdSe to ZnO. 
Conversely, defects at an amorphous interface could lead to trapping as well as interfacial 
recombination during subsequent axial electron transport in the ZnO nanowire.  
 
3.3.2. Influence of electrodeposition current density on CdSe coating 
CdSe was deposited galvanostatically using a range of current densities from 0.09 to 
13.5 mAcm
-2
 to explore the effect of deposition rate on morphology of the coating.  The 
deposition current density affects both the nucleation and growth of the material.  A 
relatively narrow window of current densities can provide conformal and uniform CdSe 
coatings on the ZnO nanowire arrays.  Deposition time was varied to maintain constant 
charge density of 111 mCcm
-2
 to ensure that the same volume of CdSe was deposited in 
each case.   
UV-Vis transmission spectroscopy confirms that equivalent volumes of CdSe were 
deposited with each current and demonstrates that the visible absorption of CdSe-coated 
nanowires is much larger than bare ZnO nanowires. Figure 3.4 shows that the coated 
nano ires’ UV-Vis transmission at four different current densities are overlaid, 
confirming that each contains the same amount of CdSe. Additionally, transmission 
across the visible range from 400 to 800 nm decreases significantly upon coating with 
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CdSe. For instance, at 520 nm transmission decreases from 85% in bare ZnO nanowires 
to ~24%, indicating promising light harvesting efficiencies (LHE) of the nanowires 
coated with CdSe.  ZnO has a band gap (3.3 eV) that is too large to absorbvisible light, 
and the small decrease in visible transmission approaching the UV in the bare ZnO 
nanowires comes from light scattering by ZnO nanowires of 50-100 nm diameter.  Nearly 
80% of light can be absorbed with less than 40 nm thick CdSe coating on the nanowire 
array, which we estimate to have surface area approximately ten times that of a flat film, 
illustrating the promise of CdSe as the absorber.  CdSe actually absorbs light below its 
band gap of 1.74 eV (713 nm).  This absorption is presumably due to defect states near 
the band edges, although other explanations including strain and interactions between 
neighboring quantum-confined nanocrystals are also possible.[100]  
 
Fig. 3.4. UV-Vis transmission of ZnO nanowires coated with 111 mCcm
-2
 CdSe using 
different combinations of current density and deposition time. The different current densities 
are overlaid, confirming the same amount of CdSe in all cases. Spectra are referenced to the 
F:SnO2 substrate. 
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While the volume of CdSe is the same for each of the combinations of current density 
and deposition time, the morphology of the coating depends sensitively on current 
density. Conformal CdSe coatings on ZnO nanowire arrays can only be obtained within a 
narrow range of current densities. Figure 3.5 shows SEM images of CdSe-coated 
 
 
Fig. 3.5. SEM image of ZnO nanowire arrays coated with CdSe electrodeposited at current 
densities of a) 13.5, b) 8.1, c) 2.7, d) 1.38, e) 0.18 and f) 0.09 mAcm
-2
. Scale bars apply to all 
panels. All CdSe coatings were deposited using a charge density of 111 mCcm
-2
.  
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nanowires at different deposition current densities. Optimal coatings that are both 
uniform and conformal were achieved using current densities of 1.38 and 2.7 mAcm
-2
, 
Figure 3.5(c-d). 
SEM images of coatings grown with current densities above 2.7 mAcm
-2
 also show 
smooth layers that coat ZnO conformally, Figure 3.5(a-b). However, CdSe precipitates in 
the electrolyte solution near the substrate at current densities above 2.7 mAcm
-2
. 
Precipitation in the electrolyte competes with deposition on the nanowires, reducing the 
coating thickness as well as the ability to control the thickness by charge density. 
Additionally, very high current densities require high potentials, Figure 3.6, that can 
result in deposition of elemental cadmium[69] or selenium[70].  
The SEM images show that current densities below the optimal range lead to large, 
isolated, and sparse islands of CdSe on the ZnO nanowires, Figure 3.6(e-f), as opposed to 
continuous and conformal coatings. Sparse coatings at lower current densities can be 
caused by two different phenomena. First, smaller current densities and lower potentials 
are likely to result in a smaller driving force for nucleation and, hence, lower density of 
nucleation sites at early stages of growth. If nucleation sites are too sparse, the islands 
will not coalesce until the coating thickness is large. Larger current densities and 
potentials give rise to larger driving forces for nucleation of many islands that can more 
easily coalesce into a continuous coating. Second, the decrease in current density might 
create a transition in CdSe nucleation mechanism from progressive to instantaneous or 
vice versa.[83]  In addition to inhibiting nucleation, the lower current density also 
requires proportionately longer deposition times to achieve the same charge density as 
with higher currents. ZnO dissolves very slowly in the electrolyte if it is not coated with 
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CdSe.  XRD shows a reduction in ZnO (0002) peak height for smaller current densities 
with longer immersion times in the electrolyte (Chapter 5). Therefore, long deposition 
times with exposed ZnO are undesirable. 
In situ monitoring of voltage during galvanostatic deposition provides further insight 
into the details of nucleation and growth. Figure 3.6 shows the voltage transient for 
different applied current densities. The inset shows the early stage of growth. For the 
three lowest current densities, potential initially increases quickly during the nucleation 
stage, then decreases to a lower constant voltage during the steady-state growth stage.  
The potential increases more slowly and reaches a later, broader maximum for lower 
current densities. The voltage transients indicate a different rate, and possibly 
mechanism, of nucleation that results in sparse islands instead of continuous coatings at 
lower current densities. The constant potentials at long times confirm that the deposition 
rate is not limited by diffusion into pores between nanowires.  
 
Fig. 3.6. Voltage transients for different electrodeposition current densities. Deposition was 
stopped when a charge density of 111 mCcm-2 was reached. The inset shows the early stage 
of growth. 
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The applied potential is larger for higher current densities.  However, the highest 
current densities (13.8 and 8.3 mAcm
-2
) require potentials well above 2 V and are prone 
to co-deposition of metals in addition to CdSe [29-30], as well as possible hydrogen 
evolution.  Additionally, the high current densities result in precipitates in the electrolyte 
near the substrate, possibly due to local changes in pH at such high potentials. At high 
current densities, potential increases with time instead of approaching a constant value. 
The increase in voltage is likely necessitated by mass transfer limitations that arise due to 
slow diffusion of precursor to the nanowire surface as well as depletion of precursor by 
growth on the precipitates near the substrate.  Our study of morphology as a function of 
current density demonstrates the existence of an optimum range for the current density in 
galvanostatic deposition that enables a conformal and uniform coating.  For the geometry 
of ZnO nanowire arrays used here, the optimum range was ~1.3 - 2.7 mAcm
-2
.  We note 
that nanowire arrays with different surface area would require different current densities.  
 
3.3.2.1 The effect of electrodeposition current density on the grain size of CdSe  
The current density has a significant effect on the morphology of CdSe during 
electrodeposition. In this section, we report the influence of current density on CdSe 
nanocrystalline grain size, as determined from XRD data and the Scherrer equation. Fig. 
8 shows the XRD pattern of CdSe-coated ZnO nanowires electrodeposited with a current 
density of 2.7 mAcm
-2
 and charge density of 245 mCcm
-2
 as well as the standard 
reference powder diffraction patterns for cubic and hexagonal CdSe.  The large (0002) 
ZnO peak height confirms that ZnO nanowires are highly crystalline and well-aligned. 
Peaks corresponding to CdSe show polycrystalline structure in a mixture of cubic and 
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hexagonal phases, confirming the TEM results in Figure 3.2. The d-spacings of the cubic 
(111) and (220) planes are close to the hexagonal (0002) and (   ̅ ) planes.  Although 
these peaks are too close to be easily distinguished in isolation, the overall diffraction 
pattern indicates that the peaks at 25.4º and 42.1º correspond to a mixture of cubic and 
hexagonal phases.  The shoulder at 24.0º in the peak at 25.4º indicates the presence of the 
hexagonal phase.  However the intensity ratio of these two peaks does not correspond to 
the powder reference of pure hexagonal phase.  Since no epitaxy or preferential growth 
direction of CdSe is expected on the aligned ZnO nanowires, this ratio indicates the 
inclusion of cubic phase as well.    
The grain size of CdSe nanocrystals potentially influences charge transport and 
recombination in ETA cells. Larger grains with fewer grain boundaries are expected to 
 
Fig. 3.7. X-ray diffraction pattern for CdSe-coated ZnO nanowires. CdSe was deposited using a 
current density of 2.7 mAcm
-2
 and charge density of 250 mCcm
-2
 and was annealed at 350 ºC 
for 1 hour.  The lower two spectra are reference powder diffraction patterns for cubic and 
hexagonal CdSe. 
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improve the efficiency of charge separation. Ideally the grain size will be approximately 
equal to the film thickness. While SEM images show that island size increases as the 
current density decreases, analysis of the TEM and XRD shows that the islands are not 
single crystals but instead are made of many nanocrystalline grains. The crystallite size of 
the CdSe was calculated using the Scherrer equation.The (001) peak of a reference silicon 
wafer and sharp (0002) peak of ZnO were each used to measure the instrumental 
broadening, and both gave similar results. ZnO (0002) peak was used in the reported data 
here because it was close to the relevant CdSe peaks. The CdSe crystallite size was 
calculated using two peaks at 25.4º and 42.1º that correspond to a mixture of hexagonal 
and cubic phase. The grain sizes calculated from the two peaks were similar to within 
15%. The reported grain size is the average of these values.  
rain sizes calculated from the Scherrer equation are in the range of 3 – 6 nm and are 
not very sensitive to current density.  Figure 3.8 shows the crystallite size as a function of 
electrodeposition current density. The error bars are one standard deviation from four 
substrates. The grain size is nearly constant over this range of current densities, possibly 
increasing slightly with increasing current density. Although the lower current densities 
resulted in larger islands, XRD reveals that the large islands are composed of multiple 
small grains rather than one large grain. Grain size measurements using HRTEM of the 
ZnO/CdSe core/shell nanowires grown at different current densities correspond closely to 
the sizes measured with XRD. However, XRD enables averaging over many nanocrystals 
while TEM image analysis only averages over a few grains. 
Tena-Zaera et al. have shown that annealing CdSe at higher temperature (above 400
 
ºC) changes the phase from a mixture of cubic and hexagonal to pure hexagonal and 
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increases the grain size from 9 nm to 60 nm.[101]  Here we have shown that CdSe phase 
and grain size are not very sensitive to current density. Therefore, current density can be 
used to control the conformality and uniformity of the CdSe coatings, while annealing 
temperature can be used to control the grain size. 
 
3.3.3. Influence of electrodeposition charge density on CdSe coating 
Electrodeposition enables excellent control over CdSe coating thickness, which is 
critical for ETA cells.  For a given nanowire array, absorber thickness should be large 
enough to maximize light harvesting but small enough to minimize bulk recombination. 
 
 
 
 
Fig. 3.8.  CdSe grain size in annealed ZnO/CdSe core/shell nanowires as a function of 
electrodeposition current density. 
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Fig. 3.9. SEM images of  CdSe coatings on ZnO nanowires at current density of 2.7 mAcm
-2
 for 
times of a) 20 s, b) 40 s, c) 60 s, and d) 80 s.  Insets show higher magnification images. Scale 
bars apply to all panels.  Isolated islands nucleate at early times and later coalesce as charge 
density increases. 
 
 
 
Electrodeposition charge density determines the amount of CdSe deposited according to 
the two-electron reaction shown in Equation (3.1). 
Charge density was controlled by galvanostatic deposition of CdSe for different 
deposition times with current density of 2.7 mAcm
-2
, which was shown in Section 3.2 to 
be within the optimal range.  Electrodeposition time was varied in increments of 20 
seconds to cover the relevant range of thicknesses. SEM images in Figure 3.9 show the 
evolving morphology of the CdSe coating as a function of charge density. Islands of 
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CdSe nucleate at early stages of growth, Figure 3.9(a).  As the charge density increases, 
the islands grow in size, Figure 3.9(b), and coalesce to form a continuous layer covering 
the entire ZnO nanowire, Figure 3.9(c).  The CdSe coating continues to grow in thickness 
as charge density increases, Figure 3.9(d).  While parameters such as transport length of 
photoexcited carriers are required to know the value of the optimum thickness for ETA 
cells, it is clear that the thickness must be carefully controlled. Electrodeposition provides 
this thickness control and enables a conformal coating without clogging the pores or 
forming an overlayer across the tops of the nanowires.  
 UV-Vis transmission spectroscopy shows that the absorption of the nanowires 
increases in the 400-800 nm range as CdSe coating thickness increases. Figure 3.10(a) 
shows that the substrates become darker as the duration of deposition increases. Figure 
3.10(b) shows that, at a wavelength of 520 nm, transmission decreases from 85% in bare 
ZnO nanowires to 23% and 2% for 20 s (55.5 mCcm
-2
) and 80 s (222 mCcm
-2
) deposition 
times, respectively. Measured reflectance was less than 5% for all CdSe-coated samples, 
although scattering causes the deviation from 100% visible transmission for bare ZnO 
nanowires.  The decrease in transmission coincides with an increase in light harvesting 
efficiency. At the highest charge density, more than 75% of light is absorbed at all  
wavelengths below 700 nm. 
 
3.3.4. Solar cell characterization 
Photoelectrochemical cells were assembled using the CdSe-coated ZnO nanowire 
arrays as the photoanode to evaluate the interfacial electron transfer from the CdSe shell 
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to the ZnO nanowire. The photoelectrode was coupled with a Pt-coated F:SnO2 
counterelectrode in a sandwich cell configuration. The electrolyte, an aqueous solution 
containing 0.5 M Na2S, was infused between the electrodes. The polysulfide (S
2-
/Sx
2-
) 
redox couple is compatible with cadmium chalcogenides.[102], [103]  Figure 3.12(a) 
shows I-V characteristics under illumination and in the dark for CdSe-coated ZnO 
 
         
 
 
Fig. 3.10. UV-Vis transmission spectra of bare ZnO nanowires and nanowires coated with 
different charge densities of CdSe. Spectra are referenced to bare FTO substrate and are 
labeled with the electrodeposition time using a current density of 2.7 mAcm
-2
. Corresponding 
charge densities are labeled in Fig. 10. 
Bare NW 20 s 40 s 60 s 80 s
a 
b 
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nanowires. The cell shows rectifying behavior, short circuit current density (Jsc) of 0.41 
mAcm
-2
, and open circuit voltage (Voc) of 230 mV under 100 mW/cm
2
 illumination. The 
small Jsc and low shunt resistance could arise from interfacial recombination losses in the 
cell.  No significant effort was made to optimize the electrolyte.  We note that the 
iodide/triiodide (I
-
/I3
-
) redox couple, commonly used in DSSCs, sometimes gave 
markedly higher photocurrents.  However, iodide is corrosive to CdSe  and did not yield 
reproducible and stable photoelectrochemical performance, so detailed results are not 
reported here.  
Wavelength-dependent incident photon to current conversion efficiency (IPCE) 
demonstrates that electrons photoexcited within the CdSe coatings can be injected into 
ZnO and collected at the anode.  Figure 3.12(b) shows IPCE for photoanodes made from 
ZnO/CdSe core/shell nanowires and bare ZnO nanowires. It should be noted that 
although Na2S was a more suitable redox couple than I
-
/I3
- 
to accept holes from CdSe, I
-
/I3
-
 was used in the bare ZnO nanowire cell.  ZnO/CdSe core/shell nanowires have IPCE 
(~5%) that is much larger than bare ZnO nanowires (<0.01%) over the range from 400-
750 nm, demonstrating that CdSe sensitizes ZnO to visible light.  ZnO has a bandgap of 
3.3 eV and can only absorb UV light to photoexcite electrons. Internal quantum 
efficiency (IQE) is calculated by IQE=IPCE/LHE at each wavelength.  The small IQE in 
these cells (e.g. 7% at 700 nm) could arise from a number of sources, including 
recombination within CdSe, trapping of photoexcited electrons at the ZnO/CdSe 
interface, inefficient hole transfer to the electrolyte, and recombination of electrons in 
ZnO with the oxidized redox species through sparse uncoated regions in the CdSe 
coating.  Additional spectroscopic probes could be used to determine the cause of the low 
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Fig. 3.11. a) J-V curve of a photoelectrochemical cell with ZnO/CdSe core/shell nanowire array 
and Na2S redox couple under 100 mW/cm
2 
illumination (solid line) and in the dark (dashed 
line). b) IPCE of solar cells using ZnO/CdSe core/shell nanowires (open squares) and bare ZnO 
nanowires (filled circles). CdSe was electrodeposited at current density of 2.7 mAcm
-2
 and 
charge density of 167 mCcm
-2
. 
 
 
IQE, but the primary goals of the present work were to identify the relationship between 
electrodeposition processing conditions and the morphology and microstructure of the 
CdSe coating and to demonstrate sensitization. 
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3.4. Conclusions 
Electrodeposition can be used to deposit CdSe coatings on ZnO nanowire arrays with 
precise control over the morphology and microstructure.  Appropriate electrodeposition 
conditions result in highly crystalline CdSe coatings that cover the ZnO nanowire array 
conformally and uniformly.  The deposition current density controls the nucleation 
density while charge density controls the film thickness.  The optimum range is ~1.3-2.7 
mAcm
-2 
for the nanowire arrays used in this work, although numerical values will change 
for other nanowire arrays with different surface areas.  Electrodeposited CdSe coatings 
effectively sensitize the ZnO nanowires across the visible spectrum.  Electrodeposition is 
an inexpensive method to deposit thin coatings for ETA solar cells that require precise 
control over the thickness and morphology of the absorber layer. The combination of 
control over coating morphology and microstructure and sensitization to visible light 
makes electrodeposited CdSe shells on ZnO  nanowire arrays a promising candidate for 
ETA cells. 
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4. Microstructural changes in CdSe-coated ZnO nanowires evaluated by in situ 
annealing in transmission electron microscopy and X-ray diffraction 
4.1. Introduction 
The objective of this chapter is to study the effect of anneling on the 
microstructure of CdSe coating, electrodeposited on ZnO nanowires. The influence of 
microstructural change on collection length is then investigated. 
 The large surface area of ZnO nanowires, allows much thinner absorbers 
compared to planar photovoltaics.[18], [30] Absorbers thinner than the charge collection 
length reduce bulk recombination and enhance charge separation at the interface. The 
charge collection length is determined by carrier mobility and lifetime, which are directly 
related to the microstructure of the absorber coating. Absorbers whose thickness is 
spanned by a single crytalline grain present the ideal landscape for charge separation, 
where photo-generated electrons and holes are easily transported to the interface with the 
n-type and p-type semiconductors, respectively. However, the time required for 
separation of photo-generated charges will increase if they must pass through multiple 
nanocrystals and cross multiple grain boundaries on their way to the interface.[104] 
Additionally, internal interfaces and grain boundaries within the absorber present new 
opportunities for recombination.  Slower charge transport and increased recombination 
results in lower efficiency of charge separation compared to a single-crystal absorber. 
 Ideally, a single crystallite will extend through the entire absorber thickness. Our 
previous work on electrodeposited CdSe on ZnO nanowires showed that applied current 
density does not drastically change the crystallite size.[7] However, Tena-Zaera et al 
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showed that post-processing thermal annealing increases CdSe nanocrystal size and 
consequently enhances the external quantum efficiency of the solar cell.[101] 
Understanding the evolution of the microstructure and morphology during heat treatment 
will enable determination of optimal annealing programs. X-ray diffraction (XRD)  and 
transmission electron microscopy (TEM) are complementary characterization techniques 
as the former provides statistical average over a large sample, whereas the latter offers 
local information at high magnification.[105] XRD and TEM with in situ annealing are 
powerful tools to provide new insight into thermally-induced changes in morphology and 
structure, as previously demonstrated for a veriety of materials including silver, copper 
oxide, and iron oxide.[106–108]  .In situ annealing TEM takes advantage of maintaining 
sample position and orientation compared to an ex situ heating TEM. Hence, real-time 
observations of structural and morphological changes during annealing in in situ TEM 
answers to fundamental questions in crystal growth. In this paper, we report the use of in 
situ annealing in both TEM and XRD to uncover new details regarding the evolution of 
the microstructure and morphology of the CdSe coating. These techniques reveal 
different mechanisms for crystallite growth at 350 ºC and 400 ºC.   
 
4.2. Experiments 
4.2.1. Synthesis  
 CdSe coatings were electrodeposited onto an array of ZnO nanowires.  The 
nanowires were grown on flourine-doped tin oxide (FTO) substrates coated with 40-nm-
thick polycrystalline ZnO thin films having strong (0001) orientation.[50]  ZnO 
nanowires were grown by chemical bath deposition at 90 ºC from aqueous solution of 
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0.025 M zinc nitrate and 0.025 M hexamethylenetetramine in two 3-hour cycles. CdSe 
coatings were electrodeposited at 25 ºC in a three-electrode electrochemical cell from an 
alkaline aqueous solution of 0.05 M cadmium acetate, 0.1 M nitrilotriacetic acid 
trisodium salt, and 0.05 M selenosulfate with excess sulfite. pH of the electrolyte was 
adjusted to 8 by adding acetic acid. Galvanostatic current density was 1.78 mAcm
-2
. Final 
charge density was fixed at 125 mCcm
-2
 unless otherwise mentioned. Areas are 
referenced to the flat substrate area, rather than the nanowire area which is approximately 
ten times larger. CdSe-coated ZnO nanowires were annealed consecutively at 350 ºC and 
400 ºC, each for 1 hr.  
 
4.2.2. Material characterization 
Scanning electron microscopy (SEM, Zeiss Supra 50 VP) was used to study the  
morphology of the coating. In situ annealing was carried out using both TEM and XRD.  
TEM annealing was done in vacuum and XRD annealing was done in ambient air.  The 
TEM was a JEOL JEM2100 Lab6 instrument equipped with Gatan 628 single-tilt heating 
holder. The XRD was a Philips/PANalytical X'Pert PRO equipped with Anton Paar 
DHS900 heating stage and used Cu K radiation. Heating and cooling rates were 200 
ºC/min and 60 ºC/min in TEM and XRD, respectively. 
 
4.2.3. Solar cell fabrication 
Solar cells with and without annealing treatment (sequential 350 ºC and 400 ºC in 
air for one hour each) were compared to determine the effect of heat treatment on solar 
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cell performance.  FTO substrates with CdSe-coated ZnO nanowires were coupled with a 
bare FTO-glass counterelectrode in a sandwich cell configuration.  Substrates were 
separated with a 60 m thick spacer, and the gap was infiltrated with aqueous electrolyte 
containing 200 mM K4Fe(CN)6, 20 mM K3Fe(CN)6, and 200 mM KCl.  I-V 
characteristics were recorded under AM1.5 illumination with intensity of 100 mW/cm
2
 
and spot size of 0.25 cm
2
.  An ultrathin, ~3 nm, layer of CdS was deposited on ZnO 
nanowires by successive ionic layer adsorption and reaction according to the method of 
Joo et al.[109] before electrodeposition of CdSe in order to decrease recombination at the 
ZnO/CdSe interface. CdSe was electrodeposited as described in Section 2.1 with a final 
charge density of 157 mC/cm
2
, corresponding to a coating thickness of ~25 nm. 
 
4.3. Results and discussion 
4.3.1. Morphology of CdSe-coated ZnO nanowires 
Electrodeposited CdSe coats ZnO nanowires conformally. SEM images of bare 
and coated nanowire arrays are shown in figure 1. Figure 4.1(a) shows that bare ZnO 
nanowires are densely packed and vertically well-aligned. Individual nanowires are  ~1 
m long with ~50 nm diameter. Cross-sectional SEM of CdSe-coated ZnO nanowires 
reveals that a uniform CdSe shell coats the ZnO core from the base to the tip, Figure 
4.1(b). A uniform and conformal coating is essential for application in ETA cells. The 
CdSe coating is estimated to be ~40 nm thick by comparing top-view SEM images of 
bare and coated nanowires. The final charge density was 240 mC/cm
2
. 
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4.3.2. In situ annealing TEM 
 Annealing increases the crystallite size and smoothness of the CdSe coating. 
Figure 4.2 shows TEM bright-field images of a 20 nm as-deposited CdSe coating on a 
ZnO nanowire. The CdSe-coated nanowires were scraped off the substrate and then 
 
Figure  4.1. Cross-sectional SEM images of (a) bare and (b) CdSe-coated ZnO nanowires. The 
insets show top-view SEM micrographs. Scale bars apply to both (a) and (b). CdSe-coated ZnO 
nanowires were annealed ex situ in ambient air at 350 ºC for 1 hour. 
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dispersed on a lacey carbon grid. Real-time TEM observations show that rough edges in 
the as-deposited CdSe coating, Figure 4.2(a), become smoother after annealing, Figure 
4.2(b).  Figure 4.2(c) shows a representative high-resolution TEM (HRTEM) image of 
the as-deposited CdSe coating on the ZnO nanowire. The HRTEM micrographs illustrate 
that the as-grown, 15-nm-thick CdSe coating is composed of many 2 - 6 nm CdSe 
crystallites that are randomly agglomerated. Upon heat treatment, multiple small crystals 
grow to form a single larger crystal until the crystallite size becomes equal to the film 
thickness, Figure 4.2(d). Crystallite growth is likely driven by Ostwald ripening, where 
small nanocrystals dissolve and add to larger crystals to minimize energy of surfaces and 
interfaces.[110] The large quantity of CdSe generally complicates interpretation of TEM 
micrographs due to the heavy projected overlap of CdSe particles, thus making it very 
difficult to further elucidate the mechanisms responsible for the increased crystallinity 
and smoothness of the coating.  
In situ annealing reveals the increase in the crystallite size together with crystal 
structure transition. Figure 4.3(a) shows a bright-field TEM image of a thin, 
discontinuous CdSe coating on a ZnO nanowire. ZnO nanowires with lower CdSe 
loading were scraped off the substrate, followed by sonication in isopropanol for 1 hour. 
They were then dispersed on a 20 nm silicon nitride grid followed by plasma cleaning in 
oxygen for 2 minutes. Black arrows in Figure 4.3(a-c) highlight that the connecting neck 
between two clusters decreases in size at 350 ºC and disappears at 400 ºC. Gradual 
disappearance of the narrower coating and growth of neighboring crystallites, which 
increases the exposed area of ZnO, is attributed to Ostwald ripening.
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Figure 4.2. Bright-field TEM images of CdSe-coated ZnO nanowires showing (a) rough edges in as-grown 
coating transforming to (b) smoother surfaces after annealing for 1 hr at 350 ºC and then 10 minutes at 400 
ºC. Arrows indicate same location on the coating.  HRTEM of (c) as-grown polycrystalline coating, 
and (d) annealed CdSe coating, which has a single grain spanning the thickness.  
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Figure 4.3. Bright-field TEM images of non-continuous CdSe coating on ZnO nanowire (a) 
before and (b,c) after in situ annealing at 350 ºC and then 400 ºC. Selected area diffraction 
patterns of the core/shell nanowire (d) before and (e,f) after in situ annealing. The insets show a 
magnified image of the CdSe diffraction ring. Images and diffraction patterns were recorded 
while at the annealing temperature. 
 
 The changes observed in the selected area diffraction patterns (SADPs) in Figure 4.3(d-f) 
indicate a structural transformation from zinc blende to wurtzite. Figure 4.3(d) shows the 
SADP from the as-coated nanowire. The rectangular array of reflections arises from ZnO 
nanowire. The arrow shows the [0001] growth direction of the bare ZnO nanowire. The 
broad, diffuse ring is created by diffraction from the randomly oriented sub-5 nm CdSe 
nanocrystallites. The intensity maximum of this ring was 3.5 Å, as determined using a 
circular Hough transform (CHT) algorithm.[111] Both zinc blende {111} and wurtzite 
{0002} planes have d-spacings of ~3.5 Å; however, HRTEM images confirmed that as-
grown CdSe nanocrystals are zinc blende. After annealing, the broad ring transforms into 
two separate rings, Figure 4.3(f). Sharp diffraction spots within those rings are visible, 
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consistent with the increase in crystallite size. The inner ring measures 3.74 Å, which 
unambiguously belongs to     ̅   wurtzite planes that have spacings of 3.72 Å.  
Considering the small quantity of CdSe and small crystallite size at 350 ºC, the 
diffraction pattern alone is not sufficient to determine when the phase change starts. 
However, complementary TEM images show stacking faults start to appear at 350 ºC. 
Figure 4.4(a) shows TEM image of CdSe-coated ZnO nanowire annealed in situ at 350 ºC 
for 5 minutes. After 30 minutes of annealing, the morphology of the coating has not 
changed, Figure 4.4(b). However, stacking faults are formed during this time, as 
highlighted by the circles in Figure 4.4. Stacking faults are often associated with a 
structural transition from zinc blende to wurtzite.[112] Hence, formation of stacking 
faults implies that the phase change happens during the early stages of annealing at 350 
ºC. In addition to Ostwald ripening, formation of stacking faults can be a pathway for 
matter diffusion, resulting in larger crystallite size.[113] 
We note that lacey carbon or SiN TEM grids were used in this work to avoid 
excessive contact of CdSe with carbon during annealing. Amorphous carbon from carbon 
film grids graphitizes during annealing at 350 ºC in the presence of CdSe. Many-layered 
graphitic carbon completely encapsulated the CdSe-coated nanowires (and also free-
standing CdSe particles on carbon films in a different experiment), thus interfering with 
surface-related matter transport during the annealing process. Formation of graphite at 
low temperatures (350-400 ºC) is likely to be catalyzed by CdSe, similar to metal-
induced crystallization of amorphous carbon.[114] No graphitization was observed in any 
of the TEM images shown here because either the selected area was in vacuum far from 
the lacey carbon support or the nanowire was on carbon-free SiN. Additionally, during 
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the in situ annealing experiments, the electron beam was blocked when not needed for 
data collection in order to inhibit beam-induced crystal growth or structural changes. 
 
 
 
 
Figure 4.4. TEM image of CdSe-coated ZnO nanowires annealed in situ for (a) 5 min and (b) 
30 min at 350 ºC. Circles indicate the same regions in the coating.  Circles in (b) show stacking 
faults formed during the structural transition from zinc blende to wurtzite. Scale bar applies to 
both (a) and (b). 
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4.3.3. In situ annealing in XRD 
XRD results confirm the increase in crystallite size and phase transformation. 
Figure 4.5(a) shows XRD scans of CdSe-coated ZnO nanowires before and after in situ 
sequential annealing in air at 350   C and then 400   C. The intense (0002) peak at 34.6  
shows well-aligned ZnO nanowires. Both ZnO and FTO peaks remain unchanged during 
annealing. Broad CdSe peaks at 25.5  and 42.1  could contain both zinc blende and 
wurtzite reflections, which have indistinguishable lattice spacings, but HRTEM indicates 
zinc blende structure before annealing. Real-time scans in Figure 4.5(b,c) show the 
evolution of the peaks at 25.5  and 42.4  . These peaks become more intense and narrower, 
indicating the increase in crystallite size. Additionally, after 55 minutes annealing at 350 
ºC, a shoulder is formed in the peak at 25.5  .  This shoulder then becomes a distinct peak 
at 24.1  after annealing at 400 ºC for 1 hr. The new peak at 24.1  is unambiguously 
assigned to the wurtzite (   ̅ ) plane. Appearance of the wurtzite (   ̅ ) peak after 
annealing, which was also observed in TEM diffraction pattern, confirms the transition of 
CdSe crystal structure from zinc blende to wurtzite.[115]   
The average crystal size increases from 3 nm to ~10 nm upon annealing at 350 ºC, 
and then to over 30 nm after 1 hr at 400 ºC, Figure 4.6. This evolution of the crystal size 
is consistent with TEM observations. Doubling the CdSe coating thickness did not 
change the crystallite size evolution. Crystallite size was calculated using the diffracting 
plane at 42.1  , Figure 4.5(c), by applying the Scherrer equation at each annealing 
time.[97] A Lorentzian fit was used along with the Cauchy-Cauchy relationship to 
calculate the intrinsic broadening in the Scherrer equation. FWHM of ZnO (0002) peak 
was used for instrumental broadening.  Evolution of the average crystallite size shows 
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Figure 4.5. (a) XRD scans of CdSe-coated ZnO nanowire array on FTO substrates before and after in 
situ sequential annealing at 350 ºC and 400 ºC for 1 hr each. Real-time XRD scans showing the 
evolution of CdSe peak at (b) 24.1  and 25.5  , and (c) 42.4  . 
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that the growth rate is much faster at 400 ºC than 350 ºC, indicating two different growth 
regimes.  Comparison of growth rates at these two temperatures with data at 250 ºC from 
Tena Zaera et al.[101] confirms that there are two different activated processes, rather 
than simply having larger thermal energy increase the growth rate for a single process. 
The in situ TEM and XRD results show two major changes to the CdSe 
nanocrystals during the 350 ºC annealing step. First, the average size of the CdSe crystals 
increases from a range of 2 - 6 nm to ~10 nm in diameter. Second, the crystals begin to 
transform from cubic to hexagonal symmetry. The increase in crystallite size is driven by 
Ostwald ripening during this initial regime. Presumably the ripening process is dominated 
by surface diffusion, as the large surface area of the CdSe clusters provide ample 
 
Figure 4.6. Crystallite size during in situ annealing, calculated using the Scherrer equation at Bragg 
angle of 42.1   . The reported crystallite size is the average of three substrates. The error bars are 
one standard deviation from the average. 
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pathways for the smaller CdSe crystallites to diffuse to the larger clusters.  Figure 4.6 
shows that this initial coarsening occurs within the first minutes of the annealing process, 
and the crystallite size continues to increase very slowly, reaching ~10 nm after 60 min.  
When annealing temperature is increased to 400 ºC, crystallite diameter increases 
approximately linearly in time to ~30 nm.  While coarsening due to surface diffusion 
continues, the clear difference in crystallite growth rates indicates that 400 ºC is sufficient 
to overcome the activation energy for another mechanism of matter transport.  For 
example, growth could also occur by grain-rotation-induced grain coalescence,[116] 
solid-state sintering of CdSe crystals,[117] or melting and recrystallization.  Melting 
temperature drops dramatically for very small crystal size.[118] CdSe nanocrystals can 
melt at 400 ºC, well below the bulk melting point of 1240 ºC. Our initial annealing step is 
performed at 350 ºC to avoid significant melting while crystallites are very small, but 
some melting of small crystallites could still occur. Sintering generates a definitive grain 
boundary, which itself is a transport path of matter. Additionally, the phase 
transformation from zinc blende to wurtzite generates many stacking faults which can act 
as pathways for diffusion, further driving an increase in crystallite size.[112]  Further 
work is required to identify the dominant mechanism. 
 
4.3.4. Improvement in solar cell performance due to annealing 
Annealing CdSe-coated ZnO nanowire arrays improves their performance in ETA 
solar cells.  Figure 4.7 shows I-V characteristics of representative ETA cells with and 
without annealing after CdSe deposition.  The ETA cells with CdSe that underwent heat 
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Figure 4.7. (color online) J-V curves of ETA solar cells with (red) and without (black) 
annealing, under AM1.5 illumination at an intensity of 100 mW/cm
2
.  Annealing was done 
sequentially at 350 °C and 400 °C for one hour each.   
 
treatment are clearly superior, showing improvement in photocurrent, fill factor, and 
efficiency.  Power conversion efficiency of the annealed cell is nearly double the 
efficiency of the cell whose CdSe was not annealed, 2.1% compared to 1.1%.  As stated 
earlier, annealing drastically increases crystallite size from <5 nm to ~30 nm.  Increased 
crystallite size reduces the density of grain boundaries, likely leading to both increased 
lifetime of photoexcited carriers and increased carrier mobility.  Annealing may also 
reduce the density of point defects that can act as mid-gap recombination centers, 
although this was not investigated directly.  In any case, the increased lifetime-mobility 
product achieved by annealing improves collection of photoexcited carriers, as evidenced 
by the increased short circuit current and reduction in voltage-dependence of charge 
collection.[119] Further details on charge separation and transport in ETA solar cells will 
be published separately. 
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4.4. Conclusions 
The influence of thermal annealing on crystal structure and morphology of the 
CdSe coatings on ZnO nanowires was investigated using in situ TEM and XRD. Crystal 
size studies assist in determining the optimum annealing conditions required to achieve a 
conformal and uniform coating that is single crystalline across the thickness. Initial 
increase in crystallite size from ~3 nm to ~10 nm at 350 ºC is likely to be driven by 
Ostwald ripening. Annealing at 400 ºC further increases the crystallite size to ~30 nm and 
smoothens the surface of the coating. Crystallite growth is faster due to additional 
mechanisms of matter transport. Understanding and controlling morphology and 
microstructure of CdSe coatings is essential for applications such as ETA solar cells, 
which benefit from conformal and uniform coatings with grain size comparable to 
coating thickness.   
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5. Effect of absorber thickness and interface engineering on solar cell performance 
5.1. Introduction 
In this chapter, planar and nanostructured ETA cell are demonstrated. We fabricate 
all-inorganic planar ETA cells with a stack of FTO/ZnO/CdSe/CuSCN/Au. In addition, 
solid-state hole conductor is replaced with liquid electrolyte. Comparison of the 
performance of these two cells reveals similar short circuit current. Moreover, optimum 
thickness of CdSe is studied in a planar configuration. Absorbers thinner than optimum 
thickness are poor absorbers while coatings that are thicker than optimum thickness 
suffer from poor charge separation. 
Nanowire-based solar cells comprising of ZnO/CdSe core/shell nanowires show 
excessive shunting with ferri/ferrocyanide. We study the role of an ultra-thin interlayer 
between ZnO nanowires and CdSe to passivate the interface and suppress recombination. 
We show that 5 nm CdS interlayer effectively suppress the back electron-transfer current 
and improves the performance of the solar cell. 
  
5.2. Experiments  
5.2.1. Synthesis 
5.2.1.1 n-type material 
ZnO thin film (seed layer) and nanowires were deposited on FTO glass following the 
procedure in Section 3.2.1. 
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5.2.1.2. Absorber  
CdSe thin films and coatings were both electrodeposited at 25 ºC in a three-electrode 
electrochemical cell from an alkaline aqueous solution of 0.05 M cadmium acetate, 0.1 M 
nitrilotriacetic acid trisodium salt, and 0.05 M selenosulfate with excess sulfite. pH of the 
electrolyte was adjusted to 8 by adding acetic acid. CdSe thin film was electrodeposited 
potentiostatically at -1.2 V on ZnO thin films, unless mentioned. CdSe coatings were 
electrodeposited galvanostatically onto ZnO nanowires at current density of 1.62 
mA/cm
2
. Final charge density was 162 mC/cm
2
.  
 
 5.2.1.3. Interface treatment (CdS interlayer between ZnO and CdSe) 
 An ultra-thin CdS layer was deposited on ZnO nanowires at room temperature by 
SILAR. ZnO nanowire substrates were successively immersed in Cd
2+
 cation source (50 
mM CdSO4 aqueous solution) and S
2-
 anion source (50 mM Na2S aqueous solution) for 
20 s. In between each immersion, the substrates were dipped in DI water for 20 s to 
remove loosely bound ions. 
 
5.2.1.4. p-type material 
The p-type material in this study is either solid-state CuSCN or liquid electrolyte. 
CuSCN film was electrodeposited on the CdSe thin film. Electrodeposition occurred in a 
three electrode cell at ~1 ºC. The electrolyte was 0.1 M copper perchlorate, 0.025 m 
LiSCN in ethanol:water (3:1) mixture. The potentiostatic deposition was carried out at 
deposition potential of -0.4 V. Final charge density was 266 mC/cm
2
. 
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The liquid electrolytes used here was Ferri/ferrocyanide electrolyte, an aqueous 
solution of 200 mM K4Fe(CN)6, 20 mM K3Fe(CN)6, and 200 mM KCl.  
 
5.2.2. Material characterization 
Scanning electron microscopy (SEM, Zeiss Supra 50 VP) was used to study the  
morphology of the films and coatings. Transmission Electron Microscopy (TEM) was 
used to estimate the thickness of the coatings.  The TEM was a JEOL JEM2100 Lab6 
instrument. 
 
5.2.3. Solar cell fabrication and measurements 
All-inorganic solar cells were fabricated on etched FTO-coated glass. Figure 5.1 
shows the evolution of the cell. FTO-coated glasses were patterned by the conventional 
wet etching using 12 M hydrochloric acid and zinc powder as the catalyst, Figure 5.1(a). 
The patterned FTO-coated glass was coated with ZnO thin film following the procedure 
reported for ZnO seed layer in Section 3.2.1. ZnO film at the bottom of the substrate was 
then removed using a cotton swab containing 0.1 M nitric acid. ZnO removal from the 
bottom of the substrate is to keep the two small FTO parts uncoated.  ZnO-coated FTO 
glass is then coated by CdSe and CuSCN by electrodeposition, Figure 5.1(b). The last 
step is the deposition of the back contact. Gold is thermally evaporated on the substrate to 
complete the solar cell fabrication. Small gold pins with springs were used to make 
contacts with the front and back electrodes.   
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Figure 5.1. Conductive FTO-coated glass after (a) patterning, (b) deposition of ZnO, CdSe, and 
CuSCN, and (c) gold evaporation. 
 
In a sandwich cell configuration, FTO substrates with CdSe and ZnO films were 
coupled with either a bare FTO-glass.  Substrates were separated with a 60 m thick 
spacer, and the gap was infiltrated with the aqueous electrolyte. 
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Stack of ZnO, CdSe, and CuSCN films 
F
T
O
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b 
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Front contact Back contact 
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Current-voltage (I-V) characteristics of photoelectrochemical cells were recorded 
using a potentiostat (Gamry, Reference 600) in the dark and under illumination. The light 
source was a 300 W Xe lamp calibrated to AM1.5 spectrum and 100 mW/cm
2
 intensity 
using appropriate filters. Absorption of thin films was measured using a home-built UV-
Vis transmission spectrometer (Ocean Optics, USB 4000 detector). Incident photon to 
current efficiency (IPCE) was calculated by passing the light through a monochromator 
(Oriel Cornerstone 130) and measuring photocurrent and light intensity.  
 
5.3. Results and Discussion 
5.3.1. Characterization of thin films 
Thin films in a planar ETA cell are compact and uniform. Different parts of the planar 
ETA cell are shown in Figure 5.2. ZnO film was deposited by two-cycle dip coating and 
then coated with CdSe film by electrodeposition. Figure 5.2(a) shows that it is difficult to 
differentiate between the CdSe and ZnO films. CdSe deposition bath dissolves ZnO film 
(will be discussed later in this chapter), and as a result, the film is rough at the interface. 
Electrodeposition of CdSe on bare FTO with this charge density is estimated to form a 
100 nm thick film. CuSCN film is compact as shown in Figure 5.2(b). The thickness of 
CuSCN film and gold back contact are ~1 µm and ~80 nm, respectively. 
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Figure 5.2. Cross-sectional SEM micrograph of a planar ETA cell. (a) ZnO and CdSe films are 
together ~150 nm thick. ZnO film was deposited by two-cycle dip coating. CdSe film was 
electrodeposited at deposition potential of -1.05 V with a final charge density of 68.2 mC/cm
2 
on 
ZnO films. (b) Stacks of thin films showing the complete ETA cell. 
 
5.3.2. Performance of planar ETA cell 
I-V characteristics of all-inorganic planar ETA cell in dark and under illumination are 
presented in Figure 5.3 (a). The cell shows a rectifying behavior as shown in the dark 
curve. I-V curves reported here are after aging for five days followed by light soaking. 
After five days, the cell was very stable with the same characteristics. After five days, 
CdSe and ZnO 
FTO 
CuSCN 
100 nm 
a 
Au 
500 nm 
FTO 
CuSCN 
b 
CdSe and ZnO 
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light soaking was carried out at 1 sun and short circuit current until the current saturated. 
Light soaking increased the short circuit current by 30 %.  The cell shows Jsc of 2.21 
mA/cm
2
, Voc of 360 mV, fill factor of 39%. It should be noted that the cell was 
fabricated only for demonstration reasons and the thickness of the absorber and p-type 
films were not optimized for best absorption and collection. Figure 5.3 (b) shows both 
IPCE and LHE of the all-inorganic planar ETA cell as a function of the wavelength of the 
incident light. Calculations for IPCE and LHE were previously shown in Section 1.2.2.2 
and 1.2.2.3. CdSe absorbs ~62% of the light at 400 nm. However, IPCE is only 13% at 
400 nm, showing poor collection of the photoexcited carriers. Poor collection can arise 
from recombination in the bulk of CdSe or at its interfaces with CuSCN and ZnO.  
Performance of the all-inorganic planar ETA cell was compared with a cell, in which 
solid-state p-type material (CuSCN) is replaced by liquid electrolyte (ferri/ferrocyanide). 
Infiltration of CuSCN in the pores of a nanowire array using electrodeposition is difficult. 
Techniques such as impregnation do not generate reproducible films. Hence, the 
electrolyte-containing cells are beneficial for proof of concept, specifically when the 
focus of the experiments is the absorber layer, its thickness, and its interface with the n-
type material. These two cells generally show fairly similar behaviors, Figure 5.3 (c). The 
small change in Jsc is because the absorber is slightly thicker in the cell with the liquid 
electrolyte. LHE, plotted in Figure 5.3 (d), confirms thicker absorber layer as the cell 
absorbs ~73% at 400 nm, whereas all-inorganic cell absorbed 62% of the incident light. 
However, the short circuit current is smaller in liquid electrolyte cell. Lower short circuit 
current in the liquid electrolyte cell are caused by inefficient charge separation, (low 
IPCE), which will be discussed in the next section in details.  
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Figure 5.3. (a) I-V curve, (b) LHE and IPCE of all-inorganic ETA cell. CdSe was 
electrodeposited on 2-cycle ZnO thin film at deposition potential of -1.2 V and the final charge 
was 62.5 mC/cm
2
. CuSCN was electrodeposited at deposition potential of -0.4 V with a final 
charge of 266 mC/cm
2
. (c) I-V curve, (d) LHE and IPCE of the cell with ferri/ferrocyanide 
electrolyte as hole-conductor. CdSe was electrodeposited on 1-cycle ZnO thin film with 
deposition potential and charge of -1.2 V and 64.5 mC/cm
2
, respectively. CdSe films were 
annealed at 350 C for 1 hour for both cells. 
  
5.3.3. Optimum absorber thickness 
The absorber layer and neighboring materials in ETA cells can be considered a p-i-n 
junction. Band alignment of the p and n-layer and the electric field in the absorber should 
be such that electrons can only transfer from the absorber to the n-type semiconductor at 
the n/i interface, and holes transfer only to the p-type at i/p interface.[12] Band alignment 
of ZnO/CdSe/CuSCN was previously shown in Fig. 1.3. Electrons in CdSe transfer to 
a b 
c d 
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ZnO, whereas the holes are injected into CuSCN. In addition to the band alignment, the 
thickness of the absorber (i-layer) is crucial for charge transport across the proper 
interface.[8], [120], [121] In a planar configuration, optimum absorber thickness is the 
thickness above which the charge separation efficiency decreases. 
Optimum thickness is determined by two factors. First, the blue component of the 
solar spectrum is absorbed very close to the illuminated interface. The penetration depth 
(1/ α  o   lue spectru  is shorter than red spectrum. Penetration depth is defined as the 
depth at which the intensity of light is 37% of its original value. In a CdSe film, the 
penetration depth of the light at the wavelength of 400 nm and 720 nm is ~75 nm and 450 
nm, respectively. If we assume the illumination direction is through the n-layer, most of 
the blue light is absorbed close to the n/i interface. In a 200 nm CdSe coating, more than 
70% of the blue component of the solar spectrum is absorbed within the first 90 nm and 
the additional 110 nm does not absorb much more. 
Second important factor for determining optimum thickness is the collection length of 
the photogenerated charges. Fig 5.4 shows the profile of relative electron-hole pair 
generation rate for three components of the solar spectrum, including blue, green, and red 
in a CdSe film. It is assumed that each photon can generate one electron-hole pair, and 
hence the electron-hole pair generation rate follows  eer’s la .  elati e  eneration rate 
is calculated  y nor alizin  the local a sorption  αe- αt   y α. At 7   n   the electron-
hole pair generation rate is very uniform across the entire thickness. However, at 400 nm, 
most of the electron-hole pairs are generated close to the illuminated interface. Assuming 
that the cell is illuminated through the n-type semiconductor, the electrons are created 
close to the n-layer/CdSe interface, and are likely to be collected. However, the 
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photogenerated holes are required to travel a longer distance, on average, to reach the 
CdSe/p-layer interface, inset of Figure 5.4. If this distance is longer than the collection 
length of the holes, they can not make it to the interface to be separated. This results in 
lower short circuit current, which ultimately reduces the power conversion efficiency. 
The concept is similar to amorphous silicon solar cells. a-Si solar cells show that power 
conversion efficiency is much smaller when the cell is illuminated through n-layer. The 
smaller power conversion efficiency is attributed to 1000 times lower hole drift mobility 
than that of electrons.[2] 
     
Figure 5.4.  Relative electron-hole pair generation in CdSe absorber layer, illuminated by blue, 
green, and red components of solar spectrum. Inset shows schematic of a planar p-i-n junction 
illuminated through the n side. Electrons generated close to the illuminated interface will easily 
travel to the n-type material. However, the photogenerated holes have to travel much larger 
distance to reach the i/p interface. 
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Internal quantum efficiency (IQE) shows that the hole is the charge carrier that limits 
the charge separation. Fig. 5.5 shows the IQE of a sandwich cell, comprising a ~150 nm 
CdSe film electrodeposited on FTO, FTO back contact, and ferri/ferrocyanide electrolyte. 
The cell was illuminated through both the electrolyte side (back contact FTO) and the 
TCO side (front contact FTO). Over the entire range of the spectrum, IQE is larger when 
the cell is illuminated through the electrolyte side. The difference between IQEs is 
drastically higher in the blue regions of the spectrum compared to the red ones. At the 
wavelength of 400 nm, the IQE of the cell is ~ 4 times larger when it is illuminated 
through the electrolyte side. However, the IQEs are very similar at the wavelength of 720 
nm. The penetration depth of blue light is only 78 nm, which is half of the film thickness. 
Therefore, most of the charge carriers are generated close to the TCO/ CdSe interface, 
when the cell is illuminated through TCO. Hence, the holes have to travel to get to the 
CdSe/electrolyte interface. The range of travel is reduced by recombination at defects, 
which decreases the hole collection efficiency.  However, when the cell is illuminated 
with the blue spectrum through the electrolyte side, the holes are easily injected to the 
electrolyte and electrons travel to reach the CdSe/ TCO interface. Four times higher IQE 
in the electrolyte side than the TCO side, reveals that the collection range of the holes is 
much smaller than that of the electrons. Hole drift mobility (75 cm
2
V
-1
s
-1
) in bulk CdSe is 
shown to be ~10 times smaller than that of electrons (720 cm
2
V
-1
s
-1
).[122] Therefore, 
charge collection is increased if the photoexcited charges are generated close to the CdSe/ 
electrolyte interface. If the cell is illuminated through the TCO side, there will be a 
certain thickness above which poor hole collection reduces the charge separation.                      
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Figure 5.5. Internal quantum efficiency of a 150 nm CdSe thin film electrodeposited on ITO 
with charge density of 85 mC/cm
2
, illuminated through both sides at 1.8 sun. Electrolyte-side 
illumination shows a 4 times increase in IQE in the blue regions than TCO side. CdSe films 
were annealed at 350 ºC and 400 ºC, each for 1 hr. 
 
When CdSe solar cell is illuminated through the TCO, the performance of the cell is 
maximum at an optimum thickness. Coatings that are thinner than the optimum thickness 
are poor absorbers. However, too thick coatings show inefficient charge separation. 
Figure 5.6(a) shows the short circuit current of different cells as a function of 
electrodeposition charge density. Electrodeposition charge density is proportional to the 
film thickness. Short circuit current (Jsc) initially increases as the thickness of the film 
increases. The increase in Jsc is due to higher absorption in thicker films. Jsc reaches a 
maximum at ~48 mC/cm
2 
(80 nm), and then decreases at larger thicknesses. Lower Jsc of 
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the thickest film reveals inefficient charge separation. The thickest film has a higher 
absorption, however, very poor hole collection results in lower Jsc. Figure 5.6(b) shows 
IQE of different cells as a function of deposition charge density. Internal quantum 
efficiency is a measure of charge collection since it is defined as EQE (or IPCE) 
normalized by the absorption (LHE). As the film thickness increases, IQE increases. 
However films thicker than ~80 nm result in lower IQE. The decrease in IQE arises from 
the generation of the holes far from the collection region and mostly close to the CdSe/ 
TCO interface. Increasing the thickness above 80 nm (~48 mC/cm
2
) leads to larger range 
of travel for the holes to reach the CdSe/electrolyte interface and decreases the charge 
separation by recombination. This trend proves that the lower Jsc above 80 nm stems from 
poor hole collection. The initial increase in IQE as function of thickness is not expected. 
If we assume that the optimum thickness on the Jsc and IQE plots is related to the 
collection length, thicknesses below the optimum thickness should not suffer from poor 
charge separation. Charge generation should occur within the collection region in films 
that are thinner than optimum thickness. Very poor IQE in the thinnest coating is a result 
of shunting and high recombination current.   
In a very large range, open circuit voltage (Voc) depends very weakly on the absorber 
thickness. Figure 5.6(a) shows that Voc remains approximately constant when 
electrodeposition charge density passes 30 mC/cm
2
. Voc decreases drastically as the 
charge density become smaller than 30 mC/cm
2
.  The conjecture behind low Voc in very 
thin films is that very thin coatings are likely to include pinholes, which lead to direct 
shunting. Although care was taken in electrodeposition of thin films to put down a 
continuously uniform layer, at very small thicknesses, there is a chance that the coating is 
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Figure 5.6. Short circuit current (a) and internal quantum efficiency (b) as a function of 
electrodeposition charge density of CdSe film, showing an optimum thickness at 48 mC/cm
2
 (80 
nm). The cell was illuminated through the TCO side under 1.8 sun illumination. CdSe films 
were annealed at 350 ºC and 400 ºC, each for 1 hour. 
b 
a 
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Figure 5.7. Open circuit voltage (a) and recombination current (dark current) at 0.4 V as a function of 
deposition charge density. 
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not free of pinholes. The excessive recombination is also observed in dark current. Figure 
5.7 (b) shows the recombination current at 0.4 V as a function of charge density. Thinnest 
coatings suffer from severe recombination current. However, as the thickness increases 
the recombination current decreases. Hence, drastic decrease of open circuit voltage at 
the smallest thickness arises from large dark current based on  
    
  
 
(
   
  
  ),                                                                                                     (5.1) 
where J0 is the exchange current. High recombination current in the thinnest planar 
cells (<40 nm) is the reason for severe decrease in short circuit current and open circuit 
voltage. Since ETA cells include extremely thin absorbers of about 20-30 nm, the 
presence of an interfacial layer to suppress the excessive shunting is necessary. 
 
5.3.4. Interface engineering  
High density of defects at the interface of the semiconductor sensitized solar cells 
leads to interfacial recombination. While large roughness factor in nanostructured solar 
cells reduces bulk recombination by allowing an extremely thin layer of inorganic 
absorber, it results in interfacial recombination, which degrades the performance of the 
cell. Interface engineering is required to impede the backflow of the electrons. Buffer 
layers between the absorber and the oxide have shown improvement in the performance 
of ETA cells and other nanoporous cells.  
The passivation layer has been used for a lot of absorbers, for example, CuInS2,[123] 
PbS,[124] Cu2-xS.[125] The implementation of a thin TiO2 layer between ZnO nanowires 
and CuInS2 absorber has been proposed to passivate the surface of ZnO.[126] In2S3, 
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Al2O3, In(OH)S buffer layers were also used to passivate the surface of TiO2 
nanoparticles used with CuInS2 absorber.[11], [127] In(OH)S buffer layer in between 
TiO2 and Cu2-xS layers also showed major improvement in the performance of the cell. 
CdS thin layer between ZnO nanowire and CdSe quantum dots is also reported to largely 
enhance both short circuit current and open circuit voltage.[128] The reasoning behind 
the improvements is still open for discussion. Hodes et al. mentioned they initially 
thought the improvement stems from the inhibition of direct contact between the p and n-
type semiconductors. However, recently they reported that it is more likely that the 
increased distance between the injected electron in the oxide and the remaining hole in 
the absorber reduces the recombination by diminishing the Coulomb attraction.[11]  
The buffer layer in between the absorber and oxide can also facilitate nucleation of the 
absorber on the oxide. Hodes et al. showed that ZnS treatment on ZnO nanowires helps to 
form a conformal layer of both CdSe and CdS absorbers.[129] Chemical-bath-deposited 
CdS and CdSe form big islands if ZnO is not treated with ZnS. We use electrodeposition 
to coat ZnO with CdSe. Applying the optimum deposition condition results in conformal 
coatings and no ZnS-treatment is required. However, ZnO/CdSe core/shells suffer from 
large recombination current. In this section, we investigate CdS buffer layer to passivate 
ZnO surface and reduce back recombination current.   
 
5.3.4.1. Reduction in recombination current due to ultra-thin CdS interlayer. 
While CdS absorber is not ideal for a single-band gap solar cell because of its high 
band gap (2.42 eV), it has the advantage of reproducible solution deposition methods. 
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Figure 5.8. (a) schematic of CdS interlayer on ZnO/CdSe interface. (b) Dark curve of CdSe-coated 
ZnO nanowires with no CdS interlayer, showing severe shunting. CdSe was electrodeposited on 
ZnO nanowires with final charge of 161 mC/cm
2
 (25-30 nm). The substrates were annealed at 350 
ºC and 400 ºC, each for 1 hour. The electrolyte was ferri/ferrocyanide and the back contact was 
FTO. 
 
 
Ultra-thin CdS coating is used here as a shunt-preventing layer at the interface of ZnO 
nanowires and CdSe coating, Figure 5.8 (a). Excessive shunting in ZnO/CdSe core/shell 
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nanowires are obvious in the dark curve shown in Figure 5.8 (b). Dark curve shows both 
large recombination (positive current) and exchange currents (negative current).  
Deposition of ultra-thin CdS interlayer between CdSe coating and ZnO nanowire 
reduces the shunting in the cell. The recombination current decreases as the number of 
cycles of CdS deposition increases, Figure 5.8 (b). The solar cell with 16-cycle CdS 
shows a reasonably good rectifying behavior and minimizes shunting effectively. 
Number of cycles higher than 16 cycles results in agglomeration on top of nanowire array 
and pore blockage. 
 The effective CdS thickness for preventing shunting pathways is around 4 nm. Figure 
5.9 (a) shows TEM micrograph of the CdS-coated ZnO nanowire. Ultra-thin CdS coats 
ZnO nanowire conformally. A uniform coating is essential for efficient surface 
passivation. In addition, HRTEM shows CdS coating is crystalline with a thickness of 4-5 
nm, Figure 5.9 (b). 
5 nm CdS interlayer improves the performance of CdSe-coated ZnO nanowire 
drastically. Figure 5.10 shows the I-V curves of CdSe-coated ZnO nanowire cell under 
illumination, with and without CdS interlayer. The performance of the solar cell is 
improved as a result of enhancement in short circuit current, open circuit current, and fill 
factor. Short circuit current is increased by almost three times after CdS treatment. The 
solar cell power conversion efficiency is improved by nearly 6 times from 0.2% to 1.2% 
by applying the ultra-thin layer of CdS. The solar cell shown in Figure 5.11 was annealed 
at 350 ºC. If the substrate is annealed at 350 ºC and 400 ºC each for 1 hr, the power 
conversion efficiency increases to 2.1% (See Figure 4.7).These results show that 
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recombination can be decreased by using CdS interlayer in ZnO/CdSe core/shell 
nanowires. 
 
 
 
Fig 5.9. TEM (a) and HRTEM (B) micrograph of ZnO nanowires coated with 16 SILAR cycles 
of CdS. 
 
a 
b 
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6.2. CdSe electrodeposition solution etches ZnO blocking layer 
ZnO can be etched during CdSe electrodeposition, leaving behind a defective interface 
and/or poor blocking layer. One of the reasons for the improvement in the cell by 
applying an ultra-thin layer of CdS or ZnS could be prevention of etching and having 
poor interfaces. In addition, removing ZnO blocking layer can result in a large 
recombination current. 
 Wang et al. have shown that NTA
3-
 can form complexes with both Cd
2+
 and ZnO. 
They electrodeposited CdTe on ZnO nanowires and then used the remnant of the 
electrodeposition bath (containing NTA
3-
) as etchant to form Te nanotube.  NTA
3-
 etches 
ZnO by chelation of ZnO following[130] 
 
Figure 5.10. J-V curves of CdSe-coated ZnO nanowire cell, with and without 5 nm CdS interlayer 
in ferri/ferrocycanide electrolyte under 1 sun illumination. The substrates were annealed at 350 C 
for 1 hour after electrodeposition of CdSe. The final charge of CdSe electrodeposition was 161 
mC/cm
2
 (25-30 nm). 
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NTA
3-
 + ZnO + H2O                       ZnNTA
-
 + 2OH
-         
                                                                   (5.1). 
Wang et al. carried out the etching at 70 ºC and reported that they did not observe any 
change in the morphology of CdTe/ZnO nanowires at lower temperature (50 ºC) even 
after 1 hour. Here, we show that CdSe electrodeposition bath etches ZnO nanowires even 
at room temperature in less than 1 hour.  Figure 5.11 shows XRD pattern of as-grown 
ZnO nanowires. The sharp peak at 34.7º shows that the nanowires are vertically aligned 
and the growth direction is normal to the substrate. However, no peak is observed after 
immersing the substrate in the CdSe electrolyte bath. The images in the inset show that 
the substrates is more transparent in the parts that was immersed in the electrolyte and 
hence, nanowires are removed in those areas. 
       
 
 
 
 
Figure 5.11. XRD pattern of ZnO nanowire substrate before and after immersion in the CdSe 
electrodeposition bath for 45 minutes.  
 
 
As-grown Immersed 
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CdSe electrodeposition bath also etches ZnO seed layer, which has the role of 
blocking layer in the solar cell. Figure 5.12(a) shows top-view SEM of three-cycle dip-
coated ZnO seed layer (~100 nm thick) on rough FTO. The film is compact and uniform. 
However, it became porous after passing 1.6 mC/cm
2
 of charge density through the 
substrate. This amount of charge density is only sufficient for nucleation of CdSe. Figure 
5.11(b) shows the porous ZnO film after etching with brighter CdSe nuclei. The typical 
ZnO seed layer, used for ETA cells, is only 40 nm thick. Thicker seed layers result in 
  
 
Figure 5.12. ~100nm-thick ZnO film before (a) and after (b) electrodeposition of CdSe. electrodeposition 
was stopped in the early stage, charge density of 1.6 mC/cm
2
. 40 nm-thick ZnO seed layer before (c and 
after (d) potentiostatic deposition of CdSe. Electrodeposition bath etches ZnO film, leaving behind a 
porous film(b) in thicker seed layers and rough FTO(d) in thinner seed layers with smaller and brighter 
CdSe nuclei.  
 
b 
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denser wires which cannot incorporate thick enough absorber coatings as a result of small 
pitch size. Figure 5.12(c) shows SEM micrograph of the 40 nm ZnO seed layer on FTO. 
ZnO seed film, which smoothened the roughness of FTO in Figure 5.12(c), disappears in 
the early stage of growth. Figure 5.12(d) shows that ZnO film is removed after 
electrodeposition of CdSe with the final charge density of 1.6 mC/cm
2
. The surface is not 
smooth anymore as a result of removing the ZnO film and exposing the rough FTO.  
Deposition of an ultra-thin layer of CdS before electrodeposition of CdSe protects 
 
Figure 5.13.Top-view of CdSe-coated ZnO nanowires without (a) and with (b) CdS 
interlayer.  CdS was deposited by 12 cycles of SILAR. The substrates were annealed at 350 C 
after electrodeposition of CdSe. The scale bars show 500 nm. 
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ZnO nanowires from etching. Figure 5.13 shows top-view SEM of CdSe-coated ZnO 
nanowires with and without CdS interlayer. CdSe does not coat the (0002) plane of ZnO 
nanowires, Figure 5.13(a). Hence, ZnO will be exposed to the electrolyte, which 
increases the back electron transfer. However, CdS-coated ZnO nanowires do not show 
exposed ZnO after electrodeposition of CdSe, Figure 5.13(b). The protective behavior of 
CdS is also true for the seed layer which is formed of (0002) planes of ZnO. Therefore, 
an important role of ultra-thin CdS interlayer in suppressing the shunting is attributed to 
the inhibition of the etching of ZnO blocking layer. CdS interlayer also helps CdSe to 
nucleate on the tops of ZnO nanowires and avoids exposure of ZnO to the hole 
conductor.  
 
5.4. Conclusion 
Planar ETA cells were fabricated with CdSe thin films as the absorber and ZnO thin 
film as the electron-conductor. The hole-conductor was either CuSCN or liquid 
electrolyte. Similar short circuit currents were observed in these two systems. In addition, 
optimum CdSe thickness was determined in the planar cell with ferri/ferrocyanide 
electrolyte. ETA cells with CdSe coatings thinner than ~80 nm suffer from sever shunting 
and show large recombination current. Excessive shunting was also observed in 
nanowire-based ETA cell with ~25 nm CdSe coating. An ultra-thin layer of CdS was 
deposited on ZnO nanowires before electrodeposition of CdSe. CdS interlayer acts as 
shunting-preventive behavior, which resulted in a 2.1 % efficient ETA cell.  
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6. Summary and conclusions 
This dissertation focused on extremely thin absorber solar cells. In particular, the 
absorber layer (CdSe), which coats the oxide (ZnO), is required to be highly crystalline 
and conformal. We studied the microstructure and crystallinity of CdSe absorber layer 
and defined the optimal processing conditions, such as electrodeposition current density 
and annealing temperature, to satisfy all the requirements. The thickness of absorber layer 
is very important in the design of an ETA cell. We determined the optimum thickness of 
CdSe with high absorption and efficient charge separation. The CdSe/ZnO interface is 
modified by deposition of an ultra-thin layer of CdS interlayer. CdS interlayer enhanced 
the performance of the ETA cell by reducing the shunting. CdS interlayer reduces the 
recombination current and highlights the importance of a blocking layer in ETA cells. 
CdSe thin films were electrodeposited on conductive glass to achieve a better 
understanding of the experimental parameters, which govern the morphology and 
microstructure of the coating. Studies on the evolution of thin film by electron 
microscopy show a volmer-weber mechanism for CdSe growth on FTO. A two-rate 
model was applied to the current transient curves to calculate the nucleation and growth 
parameters. The model reveals that both growth rate and density of nuclei increase as the 
applied potential increases.  Larger nucleation densities provided by larger bias potential 
enable coalescence of nuclei at smaller thickness, resulting in more uniform film 
thickness and ability to create extremely thin continuous films.   
Extremely thin absorber solar cells were fabricated using an array of ZnO nanowires 
to increase the surface area, which allows thinner absorber layer. CdSe coating were 
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deposited as the absorber layer. The absorber layer is required to be conformal and highly 
crystalline. Electrodeposition was use to have a precise control over morphology and 
microstructure. The electrodeposition condition was optimized to achieve a conformal 
coating on ZnO nanowires.  
Ideally, a single crystal should span across the CdSe thickness. The microstructure of 
CdSe affects the mobility and lifetime of photo-generated charges, which ultimately 
influence the charge separation. The electrodeposited CdSe is polycrystalline with 
crystallite size of ~3 nm and the coating thickness is typically more than 20 nm. 
Therefore, the photoexcited charges have to pass through multiple crystallites to reach the 
interfaces for charge separation. Annealing increases the crystallite size. The crystallite 
size increases from 3 nm in as-grown CdSe to above 30 nm when CdSe is annealed at 
350 C and 400 C each for 1 hour. The increase in crystallite size enhances the solar cell 
performance by doubling the power conversion efficiency. 
All-inorganic planar ETA cell were compared with ETA cell with liquid electrolyte. 
The short circuit currents in these two cells were fairly similar, which allowed us to 
safely use liquid electrolyte instead of CuSCN since the deposition of CuSCN became 
challenging in between pores of nanowire arrays. Optimum thickness of CdSe was 
determined in a planar configuration. Very thin CdSe coatings resulted in large 
recombination currents. Hence, it is required to apply a buffer layer that can block back 
recombination current. Ultra-thin CdS(5 nm) was used to inhibit excessive shunting. CdS 
was deposited in between ZnO nanowires and CdSe coating by SILAR. We postulate that 
CdS coating acts as a blocking layer for etching ZnO nanowires during CdSe 
electrodeposition. Etching ZnO can remove seed layer which serves as blocking layer in 
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the ETA cell. Also, etching the surface of ZnO during deposition of CdSe can leave 
behind defects at the interface. 
One of the interesting topics to continue this research is to determine the optimum 
thickness of the absorber in the nanowire-based ETA cells. The chemical bath deposited 
ZnO nanowires are too dense to apply thicknesses over 20-30 nm. Therefore, patterning 
the seed layer to achieve a mask for the growth of ZnO nanowires is desired to increase 
the pore size. The increased pitch size can also help to infiltrate CuSCN for obtaining all-
inorganic nanostructured ETA cell. Generally, a more stable cell is favorable. our cells 
made with ferri/ferrocyanide electrolyte are stable over a short range of time (100 s), 
therefore, electrochemical experiments which require a stable cell are not carried out in 
this thesis.  
 
 
 
 
 
 
 
 
 
108 
 
List of References 
[1] S. Benka  “Special issue the ener y challen e ” Physics Today, vol. 55, no. 4, p. 
38, 2002. 
[2] A. Luque and S. Hegedus, Photovoltaic science and engineering, 2nd ed. John 
Wiley and Sons, Ltd, 2003. 
[3] “Ener y in or ation administration. June 2008. Report nr DOE/EIA-
  8     8 . ” International energy outlook, 2008. 
[4] “Inter o ern ental panel on cli ate chan e  IPCC . ” Climate Change 2007 
synthesis report. 
[5] E. Go   an  “Why Not the Sun? Advantages of and problems with solar ener y ” 
Discovery Guides, 2008. 
[6] J.  axter and E. Aydil  “Nano ire-based dye-sensitized solar cells ” Applied 
Physics Letters, 2005. 
[7] H. Majidi and J.  .  axter  “Electrodeposition o  CdSe coatin s on ZnO nano ire 
arrays  or extre ely thin a sor er solar cells ” Electrochimica Acta, vol. 56, no. 6, 
pp. 2703–2711, Feb. 2011. 
[8] K. Taretto and U.  au  “Modelin  extre ely thin a sor er solar cells  or 
opti ized desi n ” Progress in Photovoltaics: Research and Applications, vol. 12, 
no. 8, pp. 573–591, Dec. 2004. 
[9] K. Taretto and U.  au  “In luence o   uilt-in voltage in optimized extremely thin 
a sor er solar cells ” Thin solid films, 2005. 
[10] K. Tennakone, G. Kumara, I. R. M. Kottegoda, V. P. S. Perera, and G. Aponsu, 
“Nanoporous n-TiO2/selenium/p-CuCNS photo oltaic cell ” Journal of  Physics 
D-Applied Physics, vol. 31, no. 18, pp. 2326–2330, Sep. 1998. 
[11] G. Hodes and D. Cahen  “All-solid-state, semiconductor-sensitized nanoporous 
solar cells ” Accounts of Chemical Research, 2012. 
[12] R. Tenazaera, M. Ryan, a Katty, G. Hodes, S. Bastide, and C. Levyclement, 
“Fa rication and characterization of ZnO nanowires/CdSe/CuSCN eta-solar cell ” 
Comptes Rendus Chimie, vol. 9, no. 5–6, pp. 717–729, May 2006. 
[13]  . Tena-Zaera  J. Elias  and C.    y-Cl  ent  “ZnO nano ire arrays: Optical 
scatterin  and sensitization to solar li ht ” Applied Physics Letters, vol. 93, no. 23, 
p. 233119, 2008. 
109 
 
[14] K. Ernst  A.  elaidi  and  . Konenka p  “Solar cell  ith extre ely thin a sor er 
on hi hly structured su strate ” Semiconductor Science And Technology, vol. 18, 
no. 6, pp. 475–479, Jun. 2003. 
[15]  . Konenka p  “Thin  il  se iconductor deposition on  ree-standing ZnO 
colu ns ” Applied Physics  …, 2000. 
[16] I. Kaiser  K. Ernst  and C. Fischer  “The eta-solar cell with CuInS< sub> 2</sub>: 
A photovoltaic cell concept using an extremely thin absorber  eta  ” …  Materials 
and Solar Cells, 2001. 
[17]  . Könenka p   . Dloczik  K. Ernst  and C. Olesch  “Nano-structures for solar 
cells  ith extre ely thin a sor ers ” Physica E: Low-dimensional  …, 2002. 
[18]  . O’Hayre  M. Nanu  J. Schoon an  and A. Goossens  “Mott-Schottky and 
charge-transport analysis o  nanoporous titaniu  dioxide  il s in air ” Journal Of 
Physical Chemistry C, vol. 111, no. 12, pp. 4809–4814, Mar. 2007. 
[19] D. Kieven, T. Dittrich, A. Belaidi, J. Tornow, K. Schwarzburg, and N. Allsop, 
“Effect of internal surface area on the performance of ZnO / In 2 S 3 / CuSCN 
solar cells  ith extre ely thin a sor er ” pp.   9–131, 2008. 
[20] M.  iancardo and F. Kre s  “Microstructured extre ely thin a sor er solar cells ” 
Solar Energy Materials and Solar Cells, 2007. 
[21] S. Nezu, G. Larramona, C. Chone, A. Jacob, B. Delatouche, D. Pere, and C. 
Moisan  “ i ht Soakin  and Gas E  ect on Nanocrystalline TiO /S  S /CuSCN 
Photo oltaic Cells  ollo in  Extre ely Thin A sor er Concept ” Journal Of 
Physical Chemistry C, vol. 114, no. 14, pp. 6854–6859, Apr. 2010. 
[22]  . Plass  S. Pelet  and J. Krue er  “Quantu  dot sensitization o  or anic-inorganic 
hy rid solar cells ” The Journal of Physical  …, 2002. 
[23] G.  arra ona  C. Chon   and A. Jaco   “Nanostructured photo oltaic cell o  the 
type titanium dioxide, cadmium sulfide thin coating, and copper thiocyanate 
sho in  hi h  uantu  e  iciency ” Chemistry of  …, 2006. 
[24] C. Chone and G.  arra ona  “Dispositi  photovoltaique tout solide comprenant 
une couche d’a sor eur a  ase de sul ure d'anti oine ” French Patent, 2007. 
[25] A.  elaidi  T. Dittrich  and D. Kie en  “In luence o  the local a sor er layer 
thickness on the per or ance o  ZnO nanorod solar cells ” Physica Status 
Solidi  …, 2008. 
110 
 
[26] Y. Itzhaik  O. Niitsoo  M. Pa e  and G. Hodes  “S  S -Sensitized Nanoporous 
TiO  Solar Cells ” Journal Of Physical Chemistry C, vol. 113, no. 11, pp. 4254–
4256, Mar. 2009. 
[27]  . O’ e an and M. Grätzel  “A lo -cost, high-efficiency solar cell based on dye-
sensitized colloidal TiO   il s ” Nature, vol. 353, no. 6346, pp. 737–740, Oct. 
1991. 
[28] K. Ernst  A.  elaidi  and  . Könenka p  “Solar cell  ith extre ely thin a sor er 
on hi hly structured su strate ” …  Science and Technology, 2003. 
[29] T. Soga, Nanostructured materials for solar conversion. Amsterdam: Elsevier, 
2007. 
[30] D. Kieven, T. Dittrich, a. Belaidi, J. Tornow, K. Schwarzburg, N. Allsop, and M. 
Lux-Steiner  “E  ect o  internal sur ace area on the per or ance o  ZnO∕In[su  
 ]S[su   ]∕CuSCN solar cells  ith extre ely thin a sor er ” Applied Physics 
Letters, vol. 92, no. 15, p. 153107, 2008. 
[31] J.  axter and E. Aydil  “Dye-sensitized solar cells based on semiconductor 
 orpholo ies  ith ZnO nano ires ” Solar Energy Materials And Solar Cells, 
2006. 
[32] J.  axter and A. Walker  “Synthesis and characterization o  ZnO nano ires and 
their integration into dye-sensitized solar cells ” Nanotechnology, 2006. 
[33] M. Law, L. Greene, J. Johnson, R. Saykally, and P. Yan   “Nano ire dye-
sensitized solar cells ” Nature materials, 2005. 
[34] A. Martinson and J. McGarrah  “Dyna ics o  char e transport and reco  ination 
in ZnO nanorod array dye-sensitized solar cells ” Physical Chemistry  …, 2006. 
[35] “ZnO-Al2O3 and ZnO-TiO2 core-shell nanowire dye-sensitized solar cells ” 
…  Physical Chemistry B, 2006. 
[36] T. Dittrich  A.  elaidi  and A. Ennaoui  “Concepts o  inor anic solid-state 
nanostructured solar cells ” Solar Energy Materials And Solar Cells, vol. 95, no. 6, 
SI, pp. 1527–1536, Jun. 2011. 
[37] D. Mitzi, Solution processing of inorganic materials. Hoboken: John Wiley & 
Sons, Inc, 2009. 
[38]  . Mane and C.  okhande  “Che ical deposition  ethod  or etal chalco enide 
thin  il s ” Materials Chemistry And Physics, 2000. 
111 
 
[39] C.  okhande  “Che ical deposition o  etal chalco enide thin  il s ” Materials 
Chemistry and Physics, 1991. 
[40] E. Lifshitz, I. Dag, I. Litvin, G. Hodes, S. Gorer, R. Reisfeld, M. Zelner, and H. 
Minti  “Optical properties o  CdSe nanoparticle  il s prepared by chemical 
deposition and sol– el ethods ” Chemical Physics Letters, vol. 288, no. 2–4, pp. 
188–196, May 1998. 
[41]  . Qi  G. Mao  and J. Ao  “Che ical  ath-deposited ZnS thin films: Preparation 
and characterization ” Applied Surface Science, 2008. 
[42] F. C. Meldru   J. Flath  and W. Knoll  “Che ical deposition o  P S on a series o  
omega-functionalised self-asse  led onolayers ” Journal Of Materials 
Chemistry, vol. 9, no. 3, pp. 711–723, Mar. 1999. 
[43] R. H. Bari, L. A. Patil, P. S. Sonawane, M. D. Mahanubhav, V. R. Patil, and P. K. 
Khanna  “Studies on che ically deposited CuInSe  thin  il s ” Materials Letters, 
vol. 61, no. 10, pp. 2058–2061, Apr. 2007. 
[44]  . Vayssieres  “Gro th o  arrayed nanorods and nanowires of ZnO from aqueous 
solutions ” Advanced Materials, vol. 15, no. 5, pp. 464–466, Mar. 2003. 
[45] Y.-J. Lee, T. L. Sounart, D. A. Scrymgeour, J. A. Voigt, and J. W. P. Hsu, 
“Control o  ZnO nanorod array ali n ent synthesized  ia seeded solution 
 ro th ” Journal Of Crystal Growth, vol. 304, no. 1, pp. 80–85, Jun. 2007. 
[46] K. Go ender  D. S.  oyle  P.  . Ken ay  and P. O’ rien  “Understandin  the 
factors that govern the deposition and morphology of thin films of ZnO from 
a ueous solution ” Journal Of Materials Chemistry, vol. 14, no. 16, pp. 2575–
2591, 2004. 
[47] L. E. Greene, M. Law, J. Goldberger, F. Kim, J. C. Johnson, Y. F. Zhang, R. J. 
Saykally  and P. D. Yan   “ o -temperature wafer-scale production of ZnO 
nano ire arrays ” Angewandte Chemie-International Edition, vol. 42, no. 26, pp. 
3031–3034, 2003. 
[48] Y. Qiu, P. Gerstel, L. Q. Jiang, P. Lipowsky, L. P. Bauermann, and J. Bill, 
“A ueous solution deposition o  indiu  hydroxide and indiu  oxide colu nar 
type thin  il s ” International Journal Of Materials Research, vol. 97, no. 6, pp. 
808–811, Jun. 2006. 
[49] N. Shirahata, W. Shin, N. Murayama, A. Hozumi, Y. Yokogawa, T. Kameyama, 
Y. Masuda  and K. Kou oto  “ elia le onolayer-template patterning of SnO2 
thin films from aqueous solution and their hydrogen-sensin  properties ” Advanced 
Functional Materials, vol. 14, no. 6, pp. 580–588, Jun. 2004. 
112 
 
[50] K. M. McPeak and J.  .  axter  “Microreactor  or Hi h-Yield Chemical Bath 
Deposition o  Se iconductor Nano ires: ZnO Nano ire Case Study ” Industrial 
& Engineering Chemistry Research, vol. 48, no. 13, pp. 5954–5961, Jul. 2009. 
[51] S. Peulon and D.  incot  “Mechanistic study o  cathodic electrodeposition o  zinc 
oxide and zinc hydroxychloride films from oxygenated aqueous zinc chloride 
solutions ” Journal of the Electrochemical Society, 1998. 
[52] M. Panicker  M. Knaster  and F. Kro er  “Cathodic deposition o  CdTe  ro  
a ueous electrolytes ” Journal of The Electrochemical  …, 1978. 
[53] M. Kazacos and  . Miller  “Electrodeposition o  CdSe  il s  rom selenosulfite 
solution ” Journal of The Electrochemical Society, 1980. 
[54] M. Neumann-Spallart and C. Köni stein  “Electrodeposition o  zinc telluride ” 
Thin Solid Films, 1995. 
[55] K. Tennakone and A. Ku arasin he  “Deposition o  thin polycrystalline  il s o  
cuprous thiocyanate on conducting glass and photoelectrochemical dye-
sensitization ” Thin Solid Films, 1995. 
[56]  . O’ e an and D. Sch artz  “enhance ent in photocurrent e  iciency caused by 
UV illumination of the dye-sensitized heterojunction TiO / u  ’NCS/CuSCN: 
Initiation and potential echanis s ” Chemistry of materials, 1998. 
[57] Y. Nicolau  “Process and apparatus  or the deposition on a su strate o  a thin  il  
of a compound containing at least one cationic constituent and at least one anionic 
constituent ” US Patent 4,675,207, 1987. 
[58] Y. Nicolau  M. Dupuy  and M.  runel  “ZnS  CdS  and Zn − x Cd x S Thin Fil s 
Deposited by the Successive Ionic Layer Adsorption and Reaction Process ” 
Journal of The Electrochemical  …, 1990. 
[59] S. Sartale and C.  okhande  “Preparation and characterization o  nickel sulphide 
thin  il s usin  successi e ionic layer adsorption and reaction  SI A   ethod ” 
Materials chemistry and physics, 2001. 
[60]  . Kale and S. Sartale  “Gro th and characterization o  nanocrystalline CdSe thin 
 il s deposited  y the successi e ionic layer adsorption and reaction ethod ” 
Semiconductor  …, 2004. 
[61] H. Pathan and C.  okhande  “Deposition o  etal chalco enide thin films by 
successi e ionic layer adsorption and reaction  SI A   ethod ” Bulletin of 
Materials Science, 2004. 
113 
 
[62] “Wide  and  ap p-type  indo s  y C D and SI A  ethods ” Thin Solid Films, 
2004. 
[63]  . Gao   .  i  W. Yu  J. Qiu  and  . Gan  “ oom-temperature deposition of 
nanocrystalline CuSCN film by the modified successive ionic layer adsorption and 
reaction ethod ” Thin Solid Films, 2008. 
[64] O. Oda, Compound Semiconductor Bulk Materials and Characterizations. 
Hackensack: world Scientific Publishing, 2007. 
[65] C. M. Shen   . G. Zhan   and H.  .  i  “In luence o  di  erent deposition 
potentials on orpholo y and structure o  CdSe  il s ” Applied Surface Science, 
vol. 240, no. 1–4, pp. 34–41, Feb. 2005. 
[66] Y. G. Gudage, N. G. Deshpande, and  . Shar a  “In luence o  pH on 
 icrostructural and optical properties o  electrosynthesized CdSe thin  il s ” 
Journal of Physics and Chemistry of Solids, vol. 70, no. 6, pp. 907–915, Jun. 2009. 
[67] K.  ieńko ski  M. Stra ski   . Marano ski  and M. Szklarczyk  “Studies o  
stoichio etry o  electroche ically  ro n CdSe deposits ” Electrochimica Acta, 
vol. 55, no. 28, pp. 8908–8915, Dec. 2010. 
[68] J. Mallet  I. Kante  P. Fricoteaux  M. Molinari  and M. Troyon  “Te perature and 
pH influences on the structural and the emission properties of electrodeposited 
CdSe nano ires ” Journal Of Solid State Electrochemistry, vol. 16, no. 3, pp. 
1041–1047, Mar. 2012. 
[69] S. Kutz utz  G.  án   and K. E. Heusler  “The electrodeposition o  CdSe  ro  
alkaline electrolytes ” Electrochimica Acta, vol. 47, no. 6, pp. 955–965, Dec. 2001. 
[70] J. P. Sza o and M. Coci era  “Co position and per or ance o  thin  il  CdSe 
electrodeposited  ro  selenosul ite solution ” Journal of the Electrochemical 
Society, vol. 133, no. 6, pp. 1247–1252, 1986. 
[71] H. Martín, P. Carro, A. Hernández Creus, S. González, R. C. Salvarezza, and A. J. 
Ar ia  “Gro th Mode Transition In ol in  a Potential-Dependent Isotropic to 
Anisotropic Surface Atom Diffusion Change. Gold Electrodeposition on HOPG 
 ollo ed  y STM ” Langmuir, vol. 13, no. 1, pp. 100–110, Jan. 1997. 
[72] A. Go es  A. S. Viana  and M. I. da S. Pereira  “Potentiostatic and AFM 
Morpholo ical Studies o  Zn Electrodeposition in the Presence o  Sur actants ” 
Journal of The Electrochemical Society, vol. 154, no. 9, pp. D452–D461, Sep. 
2007. 
114 
 
[73] F.  antel e  A. Se hiouer  and A. Derja  “Model o  nickel electrodeposition  ro  
acidic ediu  ” Journal of Applied Electrochemistry, vol. 28, no. 9, pp. 907–913, 
1998. 
[74] R. Henríquez, A. Badán, P. Grez, E. Muñoz, J. Vera, E. A. Dalchiele, R. E. 
Marotti  and H. Gó ez  “Electrodeposition o  nanocrystalline CdSe thin  il s 
from dimethyl sulfoxide solution: Nucleation and growth mechanism, structural 
and optical studies ” Electrochimica Acta, vol. 56, no. 13, pp. 4895–4901, May 
2011. 
[75] E.  osco and S. K.  an arajan  “Electroche ical phase  or ation  ECPF  and 
macrogrowth Part II. Two-rate odels ” Journal of Electroanalytical Chemistry 
and Interfacial Electrochemistry, vol. 134, no. 2, pp. 225–241, Apr. 1982. 
[76] G. Hodes, Chemical Solution Deposition of Semiconductor Films. New York: 
Marcel Dekker, 2003, p. 57. 
[77] C. D.  okhande  E. H.  ee  K. D. Jun   and O. S. Joo  “A  onia-free chemical 
 ath ethod  or deposition o  icrocrystalline cad iu  selenide  il s ” Materials 
Chemistry And Physics, vol. 91, no. 1, pp. 200–204, May 2005. 
[78]  . K. Pandey  S. N. Sahu  and S. Chandra  “Nucleation and Gro th ” in Handbook 
of Semiconductor Electrodeposition, New York: Marcel Dekker, 1996, p. 8. 
[79] M. Paunovic and M. Schlesinger, Fundamentals of Electrochemical Deposition, 
2nd ed. Hoboken, NJ: A Wiley-interscience Publication, 1998, p. 91. 
[80] G. Hodes  “Electrodeposition o  Se iconductor Quantu  dot  il s ” in 
Electrochemistry of Nanomaterials, Weinheim: Wiley-VCH, 2001, p. 37. 
[81]  . D. Ar stron   M. Fleisch ann  and H.  . Thirsk  “Anodic behaviour of 
mercury in hydroxide ion solutions ” Journal Of Electroanalytical Chemistry, vol. 
11, no. 3, pp. 208–223, 1966. 
[82] M. Y. A yaneh  “Calculation o  o erlap  or nucleation and three-dimensional 
 ro th o  centres ” Electrochimica Acta, vol. 27, no. 9, pp. 1329–1334, Sep. 1982. 
[83] R. K. Pandey, S. N. Sahu, and S. Chandra, Handbook of Semiconductor 
Electrodeposition. New York: Marcel Dekker, 1996, p. 18. 
[84] Y. G.  i and A.  asia  “Nucleation and crystal growth in gold electrodeposition 
 ro  acid solution Part II: Hard  old ” Journal of Applied Electrochemistry, vol. 
26, no. 8, pp. 853–863, 1996. 
115 
 
[85] M. Y. A yaneh  “Extractin  nucleation rates  ro  current–time transients: Part I: 
the choice o   ro th odels ” Journal of Electroanalytical Chemistry, vol. 530, 
no. 1–2, pp. 82–88, Jul. 2002. 
[86] M. Y. A yaneh  “For ulation o  current—time transients due to nucleation and 
coalescence of spherical-cap  ro th  or s ” Journal of Electroanalytical 
Chemistry and Interfacial Electrochemistry, vol. 209, no. 1, pp. 1–10, Sep. 1986. 
[87] M. Y. A yaneh  “Generalization o  transient e uations due to the  ro th o  
he ispheroids ” Journal of Electroanalytical Chemistry, vol. 387, no. 1–2, pp. 29–
34, May 1995. 
[88]  . Schari ker and G. Hills  “Theoretical and experi ental studies o  ultiple 
nucleation ” Electrochimica Acta, vol. 28, no. 7, pp. 879–889, Jul. 1983. 
[89]  . Heer an and A. Tarallo  “Theory o  the chronoa pero etric transient  or 
electrochemical nucleation with diffusion-controlled  ro th ” Journal of 
Electroanalytical Chemistry, vol. 470, pp. 70–76, 1999. 
[90] M. Y. A yaneh  “Modellin  di  usion controlled electrocrystallisation processes ” 
Journal of Electroanalytical Chemistry, vol. 586, no. 2, pp. 196–203, Jan. 2006. 
[91] M. Y. A yaneh and M. Fleisch ann  “General Models  or Sur ace Nucleation and 
Three-Dimensional Growth: the Effects of Concurrent Redox Reactions and of 
Di  usion ” Journal of The Electrochemical Society, vol. 138, no. 9, pp. 2491–
2496, Sep. 1991. 
[92] E.  osco and S. K.  an arajan  “Electroche ical phase  or ation  ECPF  and 
 acro ro th Part I. He ispherical odels ” Journal of Electroanalytical 
Chemistry and Interfacial Electrochemistry, vol. 134, no. 2, pp. 213–224, Apr. 
1982. 
[93] M. Y. A yaneh  “Modelin  o  Sin le Phase Electrocrystallization Processes ” 
Journal of The Electrochemical Society, vol. 151, no. 11, pp. C737–C742, Nov. 
2004. 
[94]  . K. Pandey  S.  . Ku ar  A. J. N.  ooz  and S. Chandra  “Photoelectroche ical 
and solar cell studies of n-CdSe  il s  ro n  y repeated electrodeposition cycles ” 
Thin Solid Films, vol. 200, no. 1, pp. 1–9, May 1991. 
[95]  . K. Pandey  S.  . Ku ar  A. J. N.  ooz  and S. Chandra  “Co position  sur ace 
morphology and structure of n-CdSe films prepared by repeated cycles of 
electrodeposition ” Journal of Materials Science, vol. 26, pp. 7–12, 1991. 
[96] M. A ra i  “Kinetics o  Phase Chan e. I General Theory ” The Journal of 
Chemical Physics, vol. 7, no. 12, pp. 1103–1112, Dec. 1939. 
116 
 
[97] B. Warren, X-ray Diffraction. Dover Publication, 1990. 
[98] H. Klug and L. Alexander, X-ray diffraction procedures: for polycrystalline and 
amorphous materials. John Wiley & Sons, Inc, 1974. 
[99] Y. Tan    . Hu  M. Chen   .  uo   .  i  and  . Zhan   “CdSe nanocrystal 
sensitized ZnO core-shell nanorod array films: Preparation and photovoltaic 
properties ” Electrochimica Acta, 2009. 
[100] G. Hodes, E. Grunbaum, Y. Feldman, S. Bastide, and C. Levy-Cle ent  “Varia le 
Optical Properties and Effective Porosity of CdSe Nanocrystalline Films 
Electrodeposited  ro  Selenosul ate Solutions ” Journal of The Electrochemical 
Society, vol. 152, no. 12, pp. G917–G923, Dec. 2005. 
[101] R. Tena-Zaera, A. Katty, S. Bastide, and C. Levy-cle ent  “Annealin  E  ects on 
the Physical Properties of Electrodeposited ZnO / CdSe Core-Shell Nanowire 
Arrays ” Chemistry of Materials, vol. 19, no. 7, pp. 1626–1632, 2007. 
[102] S.  icht and D. Pera una e  “E  icient photoelectroche ical solar cells from 
electrolyte odi ication ”  99 . 
[103] I.  o el  V. Su ra anian  M. Kuno  and P. V. Ka at  “Quantu  dot solar cells. 
Harvesting light energy with CdSe nanocrystals molecularly linked to mesoscopic 
TiO   il s ” Journal of the American …, no. 128, p. 2385, 2006. 
[104] G. Hodes  “Co parison o  Dye- and Semiconductor-Sensitized Porous 
Nanocrystalline  i uid Junction ” pp.  7778–17787, 2008. 
[105] D. Bimberg, Semiconductor nanostructures. SPRINGER, 2008. 
[106] R. Dannenberg, E. Stach, J. Groza  and  . Dresser  “TEM annealin  study o  
nor al  rain  ro th in sil er thin  il s ” Thin Solid Films, vol. 379, no. 1–2, pp. 
133–138, Dec. 2000. 
[107] J. Li, G. Vizkelethy, P. Revesz, J. W. Mayer, and K. N. Tu  “Oxidation and 
reduction of copper-oxide thin-films ” Journal Of Applied Physics, vol. 69, no. 2, 
pp. 1020–1029, Jan. 1991. 
[108] W. K. Jozwiak, E. Kaczmarek, T. P. Maniecki, W. Ignaczak, and W. 
Maniukie icz  “ eduction  eha ior o  iron oxides in hydro en and car on 
 onoxide at ospheres ” Applied Catalysis A-General, vol. 326, no. 1, pp. 17–27, 
Jun. 2007. 
[109] J. Joo, D. Kim, D.-J. Yun, H. Jun, S.-W. Rhee, J. S. Lee, K. Yong, S. Kim, and S. 
Jeon  “The  a rication o  hi hly uni or  ZnO/CdS core/shell structures usin  a 
117 
 
spin-coating-based successive ion layer adsorption and reaction ethod ” 
Nanotechnology, vol. 21, no. 32, Aug. 2010. 
[110] I.  i shitz and V. Slyozo   “The kinetics o  precipitation  ro  supersaturated solid 
solutions ” Journal of Physics and Chemistry of Solids, 1961. 
[111] D. R. G. Mitchell  “Circular Hou h trans or  di  raction analysis: a so t are tool 
for automated measurement of selected area electron diffraction patterns within 
Di ital Micro raph. ” Ultramicroscopy, vol. 108, no. 4, pp. 367–74, Mar. 2008. 
[112] P. Delavignette,  . Ge ers  and S. A elinckx  “Fault Structures in Wurtzite ” 
Structure, vol. 747, 1964. 
[113]  . Zhan  and G.  u  “Calculation o   ast pipe di  usion alon  a dislocation 
stackin   ault ri  on ” Physical Review B, vol. 82, no. 1, Jul. 2010. 
[114] K. L. Saen er  J. C. Tsan   a. a.  ol  J. O. Chu  a. Grill  and C.  a oie  “In situ x-
ray diffraction study of graphitic carbon formed during heating and cooling of 
amorphous-C/Ni  ilayers ” Applied Physics Letters, vol. 96, no. 15, p. 153105, 
2010. 
[115] A. C. Carter  “Sur ace structure o  cad iu  selenide nanocrystallites ” Physical 
Review B, vol. 55, no. 20, pp. 822–828, 1997. 
[116] E.  .  eite  T.  . Giraldi  F. M. Pontes  E.  on o  a.  eltrán  and J. Andr s  
“Crystal  ro th in colloidal tin oxide nanocrystals induced by coalescence at room 
te perature ” Applied Physics Letters, vol. 83, no. 8, p. 1566, 2003. 
[117] M. a Asoro, D. Kovar, Y. Shao-Horn   . F. Allard  and P. J. Ferreira  “Coalescence 
and sintering of Pt nanoparticles: in situ observation by aberration-corrected 
HAADF STEM. ” Nanotechnology, vol. 21, no. 2, p. 025701, Jan. 2010. 
[118] A. N. GO DSTEIN  C. M. ECHE   and A. P. A IVISATOS  “Melting in 
semiconductor nanocrystals ” Science, vol. 256, no. 5062, pp. 1425–1427, Jun. 
1992. 
[119] S. Hegedus, D. Desai  and C. Tho pson  “Volta e dependent photocurrent 
collection in CdTe/CdS solar cells ” Progress In Photovoltaics, vol. 15, no. 7, pp. 
587–602, Nov. 2007. 
[120]  . M. Klahr  A.  . F. Martinson  and T. W. Ha ann  “Photoelectroche ical 
investigation of ultrathin film iron oxide solar cells prepared by atomic layer 
deposition. ” Langmuir : the ACS journal of surfaces and colloids, vol. 27, no. 1, 
pp. 461–8, Jan. 2011. 
118 
 
[121] K. Ernst, I. Sieber, and M. Neumann-Spallart  “Characterization o  II–VI 
compounds on porous su strates ” Thin solid films, 2000. 
[122] C. Canali  F. Na a  G. Otta iani  and C. Paorici  “Hole and electron dri t  elocity 
in CdSe at roo  te perature ” Solid State Communications, vol. 11, p. 105, 1972. 
[123] F.  enz ann  M. Nanu  O. Kijatkina  and A.  elaidi  “Su stantial i pro e ent o  
the photovoltaic characteristics of TiO2/CuInS2 interfaces by the use of 
reco  ination  arrier coatin s ” Thin Solid Films, vol. 451, pp. 639–643, Mar. 
2004. 
[124] R. Bayon, R. Musembi, A. Belaidi, M. Bar, T. Guminskaya, M. C. Lux-Steiner, 
and T. Dittrich  “Hi hly structured TiO /In OH  x S-y/P S/PEDOT : PSS  or 
photo oltaic applications ” Solar Energy Materials And Solar Cells, vol. 89, no. 1, 
pp. 13–25, Oct. 2005. 
[125] M. Page  O. Niitsoo  Y. Itzhaik  D. Cahen  and G. Hodes  “Copper sul ide as a 
light absorber in wet-chemical synthesized extremely thin absorber (ETA) solar 
cells ” Energy & Environmental Science, vol. 2, no. 2, pp. 220–223, 2009. 
[126] I. O. Acik, A. Katerski, A. Mere  and J. Aarik  “Nanostructured solar cell  y spray 
pyrolysis: E  ect o  titania  arrier layer on the cell per or ance ” Thin Solid Films, 
2009. 
[127] M. Nanu  J. Schoon an  and A. Goossens  “Inor anic Nanoco posites o  n- and 
p-Type Semiconductors: A New Type of Three-Di ensional Solar Cell ” 
Advanced Materials, vol. 16, no. 5, pp. 453–456, Mar. 2004. 
[128] M. Seol  H. Ki   Y. Tak  and K. Yon   “No el nano ire array  ased hi hly 
e  icient  uantu  dot sensitized solar cell ” Chem. Commun., vol. 46, no. 30, pp. 
5521–5523, 2010. 
[129] E. Edri  E.  a ino ich  and O. Niitsoo  “Uni or  Coatin  o   i ht-Absorbing 
Semiconductors by Chemical Bath Deposition on Sulfide-Treated ZnO Nanorods ” 
The Journal of  …, 2010. 
[130] X. Wang, Y. Xu, H. Zhu, R. Liu, H. Wan   and Q.  i  “Crystalline Te nanotu e 
and Te nanorods-on-CdTe nanotube arrays on ITO via a ZnO nanorod templating-
reaction ” CrystEngComm, 2011.  
 
 
 
119 
 
Vita 
 
 
 
 
Hasti Majidi 
Department of Chemical and Biological Engineering  
Drexel University  
Philadelphia, PA 19131. 
Email:hm87@drexel.edu 
 
 
EDUCATION 
 
   Ph.D. in Chemical Engineering , 2012 
   Drexel University, Philadelphia, PA, USA. 
     
   M.Sc. in Chemical Engineering, 2007 
   Iran University of Science and Technology, Tehran, Iran. 
 
   B.Sc. in Chemical Engineering, 2004 
   Sharif University of Technology, Tehran, Iran. 
 
 
PUBLICATIONS 
 
1- Majidi H.  Gu lietta G. W.  Edley M   axter J.  . “Deter inin  opti u  
a sor er thickness in extre ely thin a sor er solar cells”  In preparation. 
2- Majidi H.  Van K. T.   axter J.  . “Nucleation and  ro th o  extre ely thin 
CdSe films electrodeposited from near-neutral electrolytes”  Journal of 
Electrochemical Society, 159, D605-D610, 2012. 
3- Majidi H.  Winkler C.  .  Taheri M.  .   axter J.  . “Microstructral changes 
in CdSe-coated ZnO nanowires evaluated by in situ annealing in transmission 
electron microscopy and X-ray di  raction ” Nanotechnology, 23, 26701(7pp), 
2012. 
4- Majidi H.   axter J.  . “Electrodeposition of CdSe coatings on ZnO 
nanowire arrays for extremely thin absorber solar cells”  Electrochimica Acta, 
56, pp. 2703-2711, 2011. 
5- McPeak K. M., Becker M. A., Britton N. G., Majidi H., Bunker B. A., and 
 axter J.  . “In situ  -ray absorption near-edge structure spectroscopy of 
ZnO nano ire  ro th durin  che ical  ath deposition ”  Chemistry of 
Materials, 22, pp. 6162–6170, 2010. 
 
 
 
